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I. INTRODUCTION 
1. Introduction. 
Prestressing was recognized as a method of strengthening concrete 
* structures as early as 1886 (10), but successful methods of prestressing 
were not found until the 1920's. Prestressed concrete was used in the con-
struction of some notable structures in Europe prior to the second world 
war and bas been used very extensively in the post-war reconstruction. 
The use of prestressed concrete for buildings and bridges in the 
United States has lagged behind that in Europe. However, with recent de-
velopments of efficient prestressing methods, the use of prestressed concrete 
has become economical in the United States and several structures have been 
built here as well as in Europe. 
Although prestressed concrete may be economical and its use 
involves a savings in material, many American engineers have been reluc-
tant to use it because of a lack of knowledge of its behavior under load. 
What we know about the behavior and load-carrying capacity of a concrete 
structure as a whole has, in a large part, been derived from tests on 
individual members. It is generally felt that a thorough understanding of 
the basic units that make up a structure is a pre-requisite to any further 
knowledge we may gain of the structure as a whole. Only a few scattered 
tests on prestressed concrete members and, to the writer's knowledge, no 
tests on entire structures have been reported to date. No specifications 
governing design of prestressed concrete structures have been adopted 
* Numbers in parentheses refer to correspondingly numbered entries in 
the Bibliography. 
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for general use in this country, nor is it likely that any will be adopted 
until a greater knowledge is gained of modes of failure, ultimate strengths, 
and general behavior under load of structural members. 
In order to increase our knowledge of prestressed concrete, many 
research prrrjects have been initiated both in the United States and in 
Europe. Much of this research is concerned with the load-carrying capacity 
of beams, since beams are more frequently prestressed than any other type 
of member. Members such as eccentrically loaded columns, rigid frames, and 
trusses have been prestressed economically and no doubt have been or will 
be included in research projects. 
:S-~ams are generally considered to be flexural members; however, 
they sustain shear stresses as well as flexural stresses, and they may fail 
ei ther in a region of pure flexure or in a region of combined shear and 
flexure. As a matter of fact, many beams are so loaded that there is no 
region of pure flexure and thus must fail in a region of combined shear 
and flexure. The proportions of these beams may be such that the sbearing 
stresses do not affect the magnitude of the ultimate load; on the other 
hand the presence of shear can lower the ultimate load and can even change 
the mode of failure if sufficient web reinforcement is not provided. This 
is true for both ordinary reinforced concrete and prestressed concrete. 
In the case of ordinary reinforced concrete, the ultimate strength 
theories for beams failing in pure flexure are well established and have 
been verified by numerous comparisons with the results of tests. These 
theories can be extended to include .prestressed concrete by incorporating 
the effects of the .prestress force and the different stress-strain relation-
ship of the steel. One such theory has been developed by D. F. Billet and 
J. Ho Appleton (15) in another phase of the research project of which this 
3· 
investigation was a part. Theories so established must, of course, be 
verified by experiments. On the other hand, our knowledge of ordinary 
reinforced concrete beams failing in shear is far from complete, and provides 
a very meager basis for planning tests of prestressed concrete beams or 
for establishing an ultimate strength theory. 
2. Object and Scope of Investigation 
The tests which are the subject of this report had several ob-
jectives. 
A survey of the literature revealed very little information on 
the ultimate shear strength of prestressed concrete beams (17). Although 
some writers recognized shear as a problem about which little was known 
and which required experimental investigations, other implied that the 
presence of shear was generally unimportant since the precompression in 
the portion of the beam which was ordinarily in tension either eliminated 
entirely or materially reduced diagonal tension stresses at working loads. 
Naturally, a reduction in diagonal tension stresses at working loads is 
an advantage readily acceptable to the designer. However, if we are to 
base our design on ultimate strengths, a proposal which is advocated by 
many engineers, we must be concerned with the state of stress near the 
ultimate load and the mode of failure, as well as the stresses at design 
loads. 
From our knowledge of ordinary reinforced concrete beams, it 
is known that the ultimate strength of beams failing in shear varies with 
the amount of longitudinal reinforcement; the quality of the concrete; 
4. 
the ratio of'the'slrear-'span-to-thedeptb of'-thebeam; -the geometric 
propert"ies of the cross section-- of -the -beam; and the . amount of web 
reinforcement, if any. Prestressed concrete-beams have an additional 
variable because of the presence of initial stress in the steel. 
Another important difference between ordinary and prestressed concrete; 
is the type and quality of the reinforcing steel. Steel bars ranging 
in diameter from 3/8-in. to nearly I 1/2-in. with a working stress 
varying from 16,000 to 20,000 psi are used in ordinary reinforced con-
crete, whereas flexible 'wires of small diameters, and bars 
of diameters up to 1 1/4-in., with working stresses as higb as 140,000 
psi, are used in prestressed concrete. High working stresses cannot be 
utilized in ordinary reinforced concrete because deflection and width 
of cracks would be excessive at working loads. Since the absence of 
cracks is one of the features of prestressed concrete, high strength 
steel is acceptable and economical. Furthermore, high strength steel is 
necessary since a certain amount of the initial prestress is always lost 
due to creep, shrinkage, slip of reinforcement in the end anchorage at 
time o~ transfer, etc., and the small amount of prestress possible in 
low working stress steels would be almost entirely lost after a few months 
time (5). 
The tests carried out in connection with this investigation were 
planned with the following objectives: 
1. To determine the modes and characteristics of shear failures 
is simply supported prestressed concrete beams without web reinforcement. 
2. To determine the effect of the following variables on the 
ultimate shear strength: 
5· 
a. concrete strength 
b. amount of longitudinal steel 
c. ratio of shear span to depth of beam 
d. prestress in the steel 
e. size of grout core in post-tensioned beams. 
3. To determine the difference, if any, between-the modes of failure 
fOT rectangular beams and I-beams. 
4. To establish a basis for future tests involving additional 
variables. 
A total of 38 beams was tested. Thirty-four of the beams were 
rectangular in cross section with overall dimensions 6 in-. by 12 in. by 
10 ft-O in., and four of the beams had an I cross section with the same over-
all dimansions. The I-beams and two of the rectangular beams were pre-
tensioned and all others were post-tensioned, end-anchored, and grouted. The 
I-beams and twenty-three of the rectangular beams were loaded at the third 
pOints on a 9 ft. span; seven of the rectangular beams were loaded at the 
center pOint on a 9 ft. span; and four of the rectangular b"eams were loaded 
with two e~ual loads each placed 2 ft from the supports on a 7 ft. span. 
Drawings and photographs of these beams appear in Figs. 1 and 2. 
In addition to the shear investigation, D. F. Billet conducted a 
series of tests on beams designed to fail in flexure. All o~ these beams 
had dimensions similar to the rectangular beams of the shear Investigation 
and were loaded at the third points on a 9-ft span. Three Of'these beams, 
whfch had no web reinforcement (B-4, B-5, and B-6), were -shear failures and 
their test results are included in this report. The others are reported in 
a thesis by D. F. Billet (20). 
6. 
3. Outline of Tests 
The beams tested were reini'orced intension only; they had no 
compression steel and no web steel. They were designed" to fail in shear 
and to yield information on the effects of certain variables on this mode 
of failure. The properties" of the" specimens are given in Table 1. 
The concrete strengths were varied from 2500 - 8000 psi with 
the majority falling between 3000 and 6000 psi. This range represents 
the lowest strength believed to be practical and the highest strength 
that could be attained with the aggregates used. The range is sufficiently 
large that the effect of the concrete strength on the ultimate strength 
of the beam is easily discernible. 
The quantity of longitudinal steel was varied from O~27 - 0.93 
percent. This range includes both under-reinforced and over-reinforced 
beams. The lower percentage approaches a limiting value that would result 
in shear failures for the rectangular beams with the type of reinforcement 
used without using a low strength concrete and a low prestress. The upper 
value represents the maximum amount of steel that the rectangular beams 
and the accessory equipment could accomodate; this value is believed to 
be well beyond the range of practicability. 
The initial prestress in the steel was varied from 5000 - 152,000 
psi with the majority of the beams having the steel prestressed to either 
60,000 or 120,000 psi. The lower limit was considered to be the minimum 
value necessary to hold the reinforcement in a straightened position, yet 
low enough not to have an effect on the mode of failure. It was introduced 
in order to compare the behavior under load of beams reinforced with high 
strength steel and an insignificant prestress to the behavior of ordinary 
reinforced concrete beams, and to study the effect of gradually increasing 
7· 
the 'prestress. The upper limit wasccnsidered to be the highest practical 
value for the type of reinforcement used. 
The ratio of shear span to depth (a/d) was varied 'from 2.8 to 
6.7. The lower value was believed to be a practical limit for beams? 
although shear failures can occur in beams with lower a/d ratios. The 
upper value was the maximum that could be attained with the sizeof' beam 
tested, but does not represent the maximum practical value at which spear 
failures can occur. This range was sufficiently large to indicate the 
effect of a/d on the ultimate strength of the beams. 
Two types of reinforcement were used in the tests; their character-
istics are discussed in Section 6(e). Since the ultimate steel stress in 
beams failing in shear is generally below some limiting proof stress, the 
type of steel has little effect on the ultimate load for a given amount of 
steel, except that a steel with a large elastic range will permit a larger 
range of shear failures than a steel with a small elastic range. Several 
beams were tested in which steel stresses near the elastic limit were ob-
tained, but more tests would be required to verify experimentally the 
dividing line between shear and tension failures for the two types of 
steels. 
The grout core in the post-tensioned beams shown in Figs. 3 and 
4 was considered exceptionally large for the size of the beam in which it 
was used; in order to determine if the presence of a grout core of this 
size affected the mode of failure or the ultimate strength~ some of the 
beams were pre-tensioned and thus had no grout core. 
8. 
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5. Definitions and Notation. 
The definitions and notation used in this report are, as far 
as possible, consistent with -those recommended by the Joint ACI-ASCE 
Committee 323 (18). 
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DEFINITIONS 
Prestressed Concrete - Concrete in which there have been intro-
duced internal stresses of such magnitude and distribution that the stresses 
resulting from the service loads are counteracted to a desired degree. In 
reinforced concrete the prestress is commonly introduced by tensioning the 
reinforcement. 
Pre-tensioning - A method of prestressing reinforced concrete 
in which the reinforcement is tensioned before the concrete has hardened. 
Post-tensioning - A method of prestressing reinforced concrete 
in which the reinforcement is tensioned after the concrete has hardened. 
Bonded Reinforcement - Reinforcement bonded throughout its 
length to the surrounding concrete. 
Unbonded Reinforcement - Reinforcement not bonded to the concrete. 
End-anchored Reinforcement - Reinforcement provided at its ends 
with the end anchorages capable of transmitting the tenSioning forces to 
the concrete. 
Cracking Load - The external load which, according to design 
computations, would cause cracking of the concrete. 
Creep - Inelastic deformation of concrete or steel, dependent 
on time and resulting solely from the presence of stress and a function 
thereof. 
Shrinkage of Concrete - Contraction of concrete due to drying 
and chemical changes, dependent on time but not on stresses induced by 
external loading. 
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NOTATION 
Cross sectional constants 
Loads 
Ac = area of ent'ire concrete section (steel area not deducted) 
As = total steel area, steel area in simply reinforced section 
c.g.c. = center of gravity of entire concrete section 
c.g.s. = center of gravity of steel area 
h = total depth of section 
d = effective depth of section 
k d = depth to neutral axis at ultimate load 
u 
b = width of rectangular section 
b = width of web of beam 
t b , tt = depth of bottom (top) flange of beam. 
bb' bt = width of bottom (top) flange of beam. 
Yb , Yt = distance of bottom (top) fiber to c.g.c. 
e = eccentricity of c.g.c. 
Ic = moment of inertia of entire concrete section about c.g.c. 
Zro, Zt = section modulus of bottom (top) fiber, referred to c.g.c. 
n.a. = neutral axis of cracked section 
wn = total dead load per unit length 
Pcr = total concentrated ioad at first cracking 
P
ult = total concentrated ultimate load 
M = bending moment due to cracking load cr 
~ = bending moment due to wn 
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Mult ~ bending moment due to ultimate load 
v ~ shear 
Vult ~ shear due to ultimate load 
Notation relating to prestressing only 
Fi ~ initial prestress force 
F ~ prestress force after release 
a 
F ~ effective prestress force after deduction of all losses. 
Stresses 
Concrete 
r 
fc ~ cylinder strength at age of test 
r 
f 
ci = cylinder strength at the age of prestressing 
f ~ compressive stress generally 
c 
b 
fFi' 
t fFi ~ stress at bottom (top) fiber due to initial pre-
stressing only. 
~ stress at bottom (top) fiber due to effective 
prestressing only. 
~ stress at bottom (top) fiber due to total load 
iN only. 
D 
b t f FD , fFD ~ stress at bottom (top) fiber due to effective 
prestressing, F, and total dead load. 
f ~ compressive stresses at ultimate load 
Cll 
f t ~ tensile stress generally 
f tp = permissible tensile stress 
ftc ~ tensile stress at cracking load 
fr ~ modulus of rupture 
Strains 
13-
v = shearing stress 
S = principal compressive stress 
c 
St = principal tensile stress 
Ec = modulus of elasticity of concrete 
Steel 
f' 
= ultimate strength of steel s 
fsp = permissible tensile stress 
f = steel stress generally s 
f 
si = steel stress due to initial prestressing 
f = steel stress due to prestressing after release so 
fse = steel stress due to effective prestress force after 
deduction of all losses 
fsu = steel stress at failure 
f = yield stress of mild steel y 
Es = modulus of elasticity of steel 
Concrete 
€c = compressive strain generally 
€ce = compressive strain in the concrete at level of steel 
due to effective prestress 
~ = ultimate compressive strain of concrete 
ECU = strain in concrete adjacent to the steel at point 
of maximum moment 
= average compressive strain on top surface of beam 
over the length of the shear span for ultimate load 
K_€ - average strain in the concrete at the level of the ~ cu-
14. 
steel over the length of the shear span for ultimate 
load 
Steel 
Ese = steel strain at effective prestress 
€su = ultimate steel strain at point of maximum moment 
€y = steel strain of mild steel at first yielding 
Miscellaneous 
kl = ratio of area of the true stress block for ultimate load to 
1 
the area of a rectangle of base, k3fc' and altitude kud 
k2 = ratio of the depth of the centroid of the stress block 
to the depth of the neutral axis 
k3 = ratio of strength of concrete in the beam to the strength 
obtained from tests of standard 6 by 12 in. cylinders 
K = 
Kl 
K2 
I E .P 
Q = s r 
klk3f c 
ku = fsu
p 
1 
klk3f c 
6. Materials. 
(a) Cements. 
II. MATERIALS , FABRICATION, AND TEST METHODS 
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Mar~uette Type I portland cement was used in twenty-eight of 
the post-tensioned beams; Alpha Type I portland cement was used in the 
other four post-tensioned beams, and Mar~uette Type III portland cement 
was used in the grout mixtures of the post-tensioned beams and in the 
concrete of the pre-tensioned beams. The cement was purchased in paper 
bags in six lots. 
(b) Aggregates. 
The coarse aggregates used were Wabash River gravels. The 
fine aggregate used in casting the beams was a Wabash River sand; the 
fine aggregate used in the grout mixtures of the post-tensioned beams 
was a fine Lake Michigan beach sand. One-inch maximum size gravel was 
used in the post-tensioned beams and 3/8-in. maximum size was used in 
the pre-tensioned beams. The origin of these aggregates is an outwash 
of the Wisconsin glaciation. The major constituents of the gravel were 
limestone and dolomite with minor ~uantities of ~uartz, granite, gneiss, 
etc. The sand consisted mainly of ~uartz. The absorption of both fine 
and coarse aggregate was about one percent by weight of surface-dry 
aggregate. Aggregate sieve analyses are given in Table 2. 
(c) Concrete Mixtures. 
Concrete mixtures were designed by the trial batch method. 
They produced average cylinder strengths ranging from 2130 - 7990 psi. 
The post-tensioned beams were cast with the l-in. maximum size gravel, 
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sand, and Type I portland cement; these mixtures were designed to have a 
slump of 1 - 2 in. Table 3 contains the proportions of the mixes, slumps, 
and compressive strengths for the concrete used in each beam. The strengths 
are based on standard 6 by 12-in. control cylinders. 
(d) Grout Mixtures. 
The grout used in the post-tensioned beams to provide bond be-
tween the wires and the surrounding concrete was a mixture of equal pro-
portions by weight of fine Lake Michigan beach sand and Type III portland 
cement, with water-cement ratios as given in Table 4. About 6 grams of 
aluminum powder per 100 pounds of cement was added to prevent shrinkage 
and improve the bond characteristics. Previous tests of beams reported 
in the First Progress Report of the Investigation of Prestressed Concrete 
For Highway Bridges" (16) indicated that the shrinkage of the grout mix-
tures not containing aluminum powder was excessive and resulted in bond 
failures. The consistency of the grout was that of a thick fluid. 
Four 2 by 4-in. cylinders were cast from the grout mix used in 
each beam and tested at ages of 2 - 3 days. The average compressive 
strengths of these cylinders are given in Table 4. 
(e) Reinforcing Wire. 
Two types of high tensile strength steel wire were used as 
tension reinforcement for the beams. Each t~~e is a cold drawn high 
carbon wire given a special heat treatment known as "patenting." The 
object of patenting is to obtain a grain structure which combines high 
tensile strength with high ductility and thus imparts to the wire the 
ability to withstand hard drafting. 
The wire designated as Type I was manufactured by the American 
Steel and Wire Division of the U. S. Steel Corporation. This wire was 
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uncoated and was received in straightened 15-ft lengths. The following 
steps were involved in its manufacture: (1) hot rolling, (2) lead 
patenting, (3) cold drawing to 0.192 in. dia., (4) machine straight-
ening, and (5) treating 15 minutes at 7500 F (stress relieving). The 
manufacturer used the last two treatments to produce a wire which was 
not commercially available but which had certain physical properties 
desired for this investigation. Ordinarily the wire is stress relieved 
by drawing through lead baths without straightening first. This type 
wire has 0.80 percent carbon and 0.70 percent manganese. It has the 
stress-strain characteristics shown in Fig. 5a. 
Type II designates an acid steel wire manufactured by John A. 
Roebling's Sons Corporation, delivered in a 5-ft. diameter coil of about 
230 lbs. It also was stress relieved by a heat treatment after drawing 
and exhibited the stress-strain characteristics shown in Fig. 5b. 
To improve the bond characteristics, the surfaces of all wires 
were rusted slightly by placing the wires in a moist room for several 
days. This produced a slightly pitted surface which improved the bond 
characteristics. All wires were cleaned with a wire brush to remove 
loose rust. 
The nominal diameters of the wires in the nas receivedfl con-
dition were given by the manufacturers as 0.192 and 0.197 in. respectively 
for Types I and II. The average measured diameters of a large number of 
specimens were found to be 0.193 and 0.199 for the respective types, and 
these measured diameters were used in all calculations and in the calcu-
lation of the stress-strain properties. 
All specimens were tested in a 120,OOO-lb capacity Baldwin 
Southwark Tate-Emery hydraulic testing machine, and strains were measured 
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with an 8-in. extensometer and recorded with an automatic recording device. 
The extensometer had a range of 4 percent strain. For some of the tests 
a steel sleeve was used to reduce the gage length to 4 in. and thereby 
double the strain range. The extensometer used with the sleeve permitted 
the measurement of strain up to fracture of the wire. Various samples of 
the same type of wire had stress-strain characteristics so similar to 
each other that an average stress-strain diagram for each type of wire 
was used in all computations. 
7. Description of Specimens. 
Three different types of prestressed concrete beams were tested: 
post-tensioned rectangular beams, pre-tensioned rectangular beams, and 
pre-tensioned I=beams. Only longitudinal tension reinforcement, bonded 
to the concrete, was used; it extended in a straight line between the ends 
of the beams. The properties oi the reinforCement are described in Section 
6(e). 
The rectangular beams were nominally 6 by 12 in. in cross section 
and 10 ft long as shown in Fig. 1. For the I-beams, the forms for the 
rectangular beams were equipped with special sheet metal inserts to pro-
duce the desired section. The average dimensions of the I-beam flanges 
were 6 by 3 in.; the web thickness was 1 3/4 in.; the height was 12 in.; 
and the length was 10 ft.-B in. as shown in Fig. 1. 
Although the beams were cast in metal forms, the dimensions of 
the beams varied slightly. The measured dimensions of the beams are given 
in Table 1. 
The post-tensioned beams were cast with a hole, roughly rec-
tangular in cross section, in the lower part of the beam to provide a 
channel for the reinforcement. As explained in Section 10, this hole was 
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later filled with grout to provide bond between the reinforcement and the 
surrounding concrete. The hole was approximately 3 by 2 in. in section 
with its center 8 in. below the top of the beam. The hole was formed 
with the aid of a core consisting of eight 1/2-in. steel rods, eight 
3/8-in. rubber tubes, four 1 by 1 by 1/8-in. angles, and a cover of sheet 
rubber assembled as follows: The rods were held in position by a steel 
template at each end of the beam form. The tubes were placed between 
the outside of the rods to fill up space and yet make it easy to extract 
the form from the beam. The angles formed the corners of the hole. A 
strip of rubber, 4 in. wide, was wrapped continuously around the angles. 
This form was easily removed from the beam by first pulling out the steel 
rods, and then removing the tubes and rubber wrapping. One-inch diameter 
access holes from the top of the beam to the grout channel were located 
about 1 ft from the ends of the beam. They were formed with short lengths 
of garden hose. Figures 3 and 4 show the details of the hole. After the 
reinforcement was placed in the channel and initially stressed, grout was 
pumped through the access hole at one end of the beam until it came out 
the access hole at the other end of the beam. 
The method of stressing and anchoring the reinforcement in both 
the pre-tensioned and post-tensioned beams is explained in Section 9. 
8. Casting and Curing. 
The concrete for the beams was mixed in a non-tilting drum 
mixer of 6-cu ft capacity, and was placed in the forms with the aid of an 
internal vibrator. The concrete was mixed in two batches of approximately 
4 cu ft each. In spite of the use of a butter mix to condition the mixer 
prior to mixing the first batch, the strength and consistency of the two 
batches of the same proportions used in each beam varied to some extent. 
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In order that all of the concrete in the compression zone of 
the beam be from the same batch, the first batch was placed in the bottom 
half of the beam and the second batch in the top half. Four 6 by 12-in. 
cylinders and two 6 by 6 by 18-in. control beams were made from the first 
batch, and six 6 by 12-in. cylinders were made from the second batch. Two 
of the cylinders from the second batch were tested a day or two before 
testing the beam in order to determine the strength of the concrete in the 
compression zone so that the ultimate load capacity of the beam could be 
estimated prior to testing. The remainder of the cylinders were tested 
the same day as the beam. The control beams from the first batch were 
tested to determine the modulus of rupture of the concrete in the tension 
zone; they were also tested the same day as the beam. 
The post-tensioned beams were removed from the forms the day 
after they were cast and placed in a constant temperature moist room. 
After remaining six days in the moist room they were removed and stored 
in the laboratory until they were tested. The control specimens were 
cured in the same manner. 
Hooks located near the quarter points were cast into the beams 
and a crane was used to transport the beams about the laboratory. It was 
necessary to handle these beams with extreme care since no reinforcement 
was provided for the dead load and impact stresses developed when the 
beams were being handled prior to prestressing. Three beams were broken 
and had to be recast. 
The pre-tensioned beams were, of course, cast with the reinforcing 
wire in place and tensioned. The sides of the form were stripped from the 
beam the day after casting. The beam remained in this position from two 
to four days, depending on the quality of the concrete, in order to gain 
sufficient strength that the prestress could be transferred from the 
prestressing frame to the beam. When this was done the beam was moved 
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to another part of the laboratory where it was stored until tested. These 
beams were not kept moist after the forms were removed, but were air-cured 
in the laboratory until tested. 
9. Prestressing. 
(a) End Details of Wires. 
Section B of the First Progress Report of the Investigation of 
Prestressed Concrete for Highway Bridges (16) contains a discussion of the 
relative merits of the various methods used to anchor the ends of the 
highly stressed reinforcement of the beams. Threaded connections were used 
throughout these tests. Since all of the reinforcement was bonded, it was 
necessary only to develop the prestress force in the end anchorage. Any 
increase in stress in the reinforcement was transferred to the surrounding 
concrete by bond and not through the anchorage. The advantages of threaded 
connections not necessarily realized through the use of wedges or rivet-
like ends are: simplicity in anchoring the wires, compact arrangement of 
the wires with a relativey small spacing between them, and practically no 
loss of prestress when the stress in the wire is transferred from the jack 
to the bearing plate. 
Specially heat-treated, 24-threads to the inch chasers in an 
autQmatic threading machine were used to cut the threads on the end three 
inches of the wires. In spite of the heat treatment, the chasers became 
dull after threading thirty to fifty Wires, and required resharpening. 
The threads on the wires were cut to provide a medium fit with the threads 
in the nuts. This resulted in a thread which was slightly larger than a 
No. 10 which has a basic major diameter of 0.190 in. The nominal dia-
meters of the two types of wires used were 0.192 in. and 0.196 in. 
The nuts were specially made in the laboratory machine shop. 
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They were sub-drilled with a No. 16 tap drill and tapped with a standard 
No. 12, 24 threads to the inch tap. This provided a full No. 12 thread 
in the nuts. Nuts with a No. 10 thread required that too much material 
be cut ~rom the wires to be practical. The thread cut on the vires to 
fit tbe No. 12 thread in tbe nuts was suf~icient to develop at least 
160,000 psi in the wires for several days and was considered to be the 
most suitable. 
The first nuts used were made from 1/2-in. diameter drill rod, . 
the properties of which are unknown. They were improperly hardened and 
several of them failed after baving been reused a few times. Subsequent 
nuts were made from UBuster fl alloy punch and chisel steel having the 
following composition limits: Carbon 0.56-0.60, Silicon 0.60-0.80, 
Chromium 1.10-1.30, Tungsten 2.00-2.30, Vanadium 0.20-0.30. These nuts 
were hexagonal in cross section and could easily be removed from the tested 
beams with a wrench. They were hardened by the following procedure: 
(1) Pack in charcoal in a closed steel box. (2) Heat for 20 min at 
12000 F. (3) Heat for 45 - 60 min at 16500 F. (4) Oil quench to 
slightly above room temperature. (5) Temper 30 min at 10000 F. (6) 
Remove from furnace and air cool. Two furnaces were used for the process 
so that there was no time delay between consecutive operations. 
Both types of nuts were 5/8 in. long. They are shown in Fig. 6. 
(b) Tensioning Apparatus 
Post-tensioned Beams. A 30-ton Simplex center-hole hydraulic 
ram operated by a 10,000-psi capacity Simplex pump was used to tension tbe 
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reinforcement. Figure 7 is a photograph of the apparatus in place during 
the prestressing of a beam. A jacking frame bolted to the bearing plate 
provided a reaction for the jack; the bearing plate reacted against the 
beam. To tension the wires, the ram reacted against the frame and a 5/8-in. 
rod. The thrust was transferred from the ram to the rod through a washer 
and nut, and from the rod to the wire through a threaded union connection. 
When the wire was tensioned to the desired stress, a nut was turned up 
tight against a shim. The shims were 5/8-in. long and were used to fill 
space between the nut and the bearing plate and thereby reduced the re-
quired length of thread on the wires. 
The bearing plates for the post-tensioned beams are shown 
schematically in Fig. 8, and in place on a beam in Figs. 7 and 90 The 6 
by 6 by 2-in. plates are heavy enough so that a fairly uniform bearing 
pressure is produced on the ends of the beam. The heavy bearing plates 
were used in order to eliminate the need for special reinforcement near 
the ends of the beam and proved to be satisfactory in this respect. 
Pre-tensioned Beams. The same tensioning equipment was used for 
pre-tensioning the wire reinforcement as for post-tensioning. However, 
since the reinforcement was tensioned before the beam was cast, a reaction 
had to be provided for the tensioning force. This reaction consisted of 
the prestressing frame shown in Fig. 10. It was made from two lengths of 
standard 3-in. pipe, and two bearing plates 6 by 2 by 21 in. The plates 
were provided with four rows of six 0.206-in. diameter holes to accomodate 
various positions of the wires. To tension the wires, the ram reacted 
against the jacking frame and a 5/8-in. rod as in the post-tensioned beams. 
However, instead of the thrust being absorbed by the beam through the 
jacking frame, it was transferred from the jacking frame to the prestressing 
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frame which was dimensioned to fit around the form for the beam. The wires 
were tensioned and secured against the prestressing frame in the same manner 
that the post-tensioned wires were secured to the plates bearing against 
the post-tensioned beams. 
(c) Measurement of Tensioning Force. 
The tensioning force in each wire was determined by measuring the 
compressive strain in small aluminum dynamometers placed on the wire between 
the nut and the bearing plate at the end of the beam opposite that at which 
the tension was applied. These dynamometers are shown in Figso 6 and 9. 
They consisted of 2-in. lengths of 9/16-in. aluminum rod, with 0.2-in. dia-
meter holes drilled through their centers. Strains were measured by means 
of two type A7 SR-4 electric strain gages. These gages, attached to opposite 
sides of each dynamometer, were wired in series, giving a strain reading which 
was the average of the strain in the two gages. This arrangement was such 
that small eccentricities of the load would not affect the strain reading. 
The dynamometers were calibrated using the 6000-1b range of a 
capacity Baldwin hydraulic testing machine. The calibrations of the dyna-
mometers were nearly the same; the strain increment necessary to measure a 
tensioning stress of 120,000 psi in the 0.196-in. wires was about 1500 
millionths. This large increment of strain allowed a fairly precise measure-
ment of stress in the wires, since the strain indicator used had a sensitivity 
of 2 or 3 millionths. 
At the dynamometer end of the wire, the prestress was transferred 
from the wire to the dynamometer through a nut, and from the dynamometer 
to the beam through the bearing plate. Figure 8 shows a schematic drawing 
of this arrangement. 
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(d) Tensioning Procedure. 
Post-tensioned Beams. Before inserting the wires into the grout 
channel, one end of each wire was threaded through one of the bearing plates 
and secured with a nut. Then all wires were pulled through the hole in the 
beam at the same time. The wires were then threaded through the other 
bearing plate and the plates secured to the ends of the beam with a thin 
layer of "Hydrocal" gypsum plaster. The dynamometers were then slipped onto 
the wires at one end of the beam and finally the anchoring nuts were put on 
each end of each wire. After taking readings on all of the strain gages, the 
wires were tensioned individually. The jacking frame was attached to the 
bearing plate and the pull-rod connected to the wire. The center-hole ram 
was placed over the pull-rod and each wire in turn was tensioned to the de-
sired value of stress, the anchor nut turned up snug against the shim, and 
the pressure on the ram released. Since the beam underwent a certain amount 
of elastic shortening with the tensioning of the wires, the first wires to be 
stressed had to be retensioned if an exact value of stress was desiredo How-
ever, if there were more than two rows of wires, it was very difficult to make 
adjustments on the interior wires after the anchorages on the other wires were 
in place. In these instances, the wires were initially overstressed slightly 
and not subsequently retensioned. 
Pre-tensioned Beams. The reinforcement for the pre-tensioned beams 
was tensioned in the prestressing frame prior to casting the beam. The ends 
of the wires were slipped through the end plates of the forms and through the 
bearing plates of the prestressing frame. The dynamometers were then slipped 
onto one end of the wires and the anchoring nuts were put on each end of each 
wire. Five of the wires had type A12 SR-4 electric strain gages located at 
their centerline. These were used to give the average drop-off in strain 
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caused by shrinkage of the concrete, elastic shortening of the beam, re-
laxation, and creep during the period between casting and testing the beam. 
After making strain measurements on the wires and dynamometers in an un-
stressed condition, the wires were tensioned individually. This procedure 
was identical to that of the post-tensioned beams except that the pre-
stressing frame underwent greater elastic shortening than the post-tensioned 
beams and greater adjustment was required to give the wires the desired 
amount of initial tension. Figure 10 shows the prestressing frame and the 
tensioning apparatus with the wires tensioned for beam S-38. 
Since pre-tensioned beams experienced a greater loss of prestress 
prior to testing than did the post-tensioned beams, it was necessary to make 
the initial prestress higher in order to have the same effective prestress 
at the time of test. For example, it was observed that when the initial 
prestress was 120,000 pSi, the stress in the wires of a pre-tensioned beam 
decreased about 9,000 - 1l,OOO psi, while in a similar post-tensioned beam 
the stress decreased 
10. Grouting. 
Following the tensioning of the reinforcement, grout was pumped 
into the beam to provide bond between the wires and the surrounding concrete. 
The grout was placed through a vertical hole located about one foot from the 
end of the beam as shown in Fig. 3. Pumping was continued until grout was 
forced out of a similar hole at the other end of the beam. 
The grout pump used is shown in Fig. 11. It was constructed of a 
5-in. diameter steel cylinder about 30 in. long and a 1 1/2-ton hydraulic 
auto bumper jack. A steel plate with a hole threaded for a hose connection 
was welded to the lower end of the cylinder. A piston with a cupped pump 
leather attached was bolted to the base of the bumper jack. The jack was 
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rigidly attached to the cover of the pump in such a manner that the plunger 
of the jack extended into the cylinder and drove the piston. The cover was 
attached to the cylinder by toggle bolts with wing nuts. This arrangement 
perm tted rapid refilling of the pump. The grout was pumped through a heavy 
rubber hose into the beam. The capacity of the jack was such that a pressure 
of more than 100 psi could be developed, but the grout flowed freely and the 
pressure developed in the grout was undoubtedly much less than 100 psi. 
The grout was mixed in a counter-current, horizontal) tub type 
mixer of 2-cu ft capacity. The proportions of the grout mixture and pro-
perties of the materials are described in Section 6(d). 
While grouting beam S-4, the grout pump failed to work properly 
after having filled the end one-third of the channel. By the time the pump 
had been repaired, the grout in the end of the beam had stiffened and it 
was no longer possible to pump grout into that end. Consequently, an attempt 
was made to inject the grout from the other end of the beam. This procedure 
made it impossible for the air to escape from the channel and thus made it 
impossible to pump grout into the middle third of the beam. The reinforce-
ment in the region of pure flexure was therefore entirely unbonded. When the 
beam was tested it failed initially by general crushing of the concrete in 
the region of pure flexure as predicted by the theory of failure for unbonded 
beams developed in the "First Progress Report of the Investigation of Pre-
stressed Concrete for Highway Bridges ll (15). 
11. Electric Strain Gages 
(a) Gages on the Reinforcing Wire. 
Some difficulty was encountered in trying to attach SR-4 strain 
gages to the small diameter wires used in these tests. However, gages of 
Type A12 and Type A7 were both found to be suitable if special care was 
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taken in attaching them. The A12 gage has a nominal gage length of 1 in. 
and a minimum trim width or- 1/8 in.j it-was chosen for its narrow width. 
The A7 gage has a nominal gage length of 1/4 in. and a ~nimum trim width 
of 3/16 in. j it was c ho-s en for its narrow w-l.dth, short length, and its 
flexibility which the A12 gage does not have. 
The surface of the wire was prepared for the gage by removing the 
rust with emery· cloth and cleaning the surface thoroughly with acetone. 
Duco cellulose acetate cement was used as the bonding agentG The only con-
sistently successful method found for attaching the A12 gages to the wire, 
so that one could be sure the entire grid pattern was bonded, was to wrap 
the gage with either thread or a rubber band which was later removed when 
the cement had dried. Only enough pressure was applied to squeeze out the 
excess cement and hold the gage to the contour of the wire~ Heat lamps 
were used to hasten the drying of the cement. 
Two different types of material were used to waterproof the gages: 
Cycleweld c-14 Cement and Petrolastic. Cycleweld is a cement produced by 
Cycleweld Cement Products, Trenton, Michigan. It consists of a resin and 
an activator which form an extremely strong and waterproof coating when cured. 
However several hours are required for curing, and for the first hour or two 
the material is quite viscous and tends to run off of a curved surface such 
as the wire. Some doubt exists as to the toughness of the Cycleweld because 
in some cases the gage appeared to be waterproof before prestressing, but was 
not waterproof after prestressing. Either the Cycleweld cracked due to the 
prestress elongation or it was damaged when the wires were drawn into the 
grout channel 0 
Petrolastic is an asphaltic compound produced by Standard Oil of 
California. It is easily applied and gives good results. The material is 
first melted with a low heat and when applied to the gage solidifies quickly. 
Care was taken to avoid small air bubbles, caused by overheating, which 
might puncture and admit moisture. 
Regardless of which waterproofing agent was used, the gage was 
first padded with loose cloth tape and the lead wires were taped to the wire 
so that they could not move and break the waterproof seal. 
In the case of the post-tensioned beams, the lead wires from the 
gages were carried down the grout channel to the end of the beam where they 
were brought out from behind the bearing plate; in the case of the pre-
tensioned beams they were carried at the level of the steel to the end of the 
beam and were then brought up and out at the top surface of the beam. 
(b) Gages on the Concrete Surface. 
Shortly before the initial set of the concrete occurred, the top 
surface of the beam was struck smooth with a finishing trowel. When this 
surface was later ground smooth and polished with a portable grinder, it was 
suitable for mounting SR-4 gages. Only the small area to be occupied by the 
gage was ground. 
Type A9 gages were used on the first eight beams tested. They have 
a nominal gage length of 6 in. and are suitable for measuring average strains. 
However, it was found that the strain gradient at ultimate load was very sharp 
in the region of failure, and type All gages, having a nominal gage length of 
1 in., were used on the remainder of the beams; they produced strain readings 
which more accurately described the distribution of strain on the top surface 
of the beam. 
The gages were attached to the concrete surface with Duco cement. 
Light weights were applied to the gages while the cement was drying. Heat 
was not used to hasten the drying period since it can be detrimental to the 
concrete. 
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The gages were attached to the beams only a few days before testing 
and it was not necessary to waterproof them. 
12. Strain and Deflection Measurements. 
Strains were measured on the steel reinforcement, and on the top and 
sides of the concrete beams. Deflections were measured at midspan and under 
the load points in all beams, and also at the one-third points in the beams 
loaded at midspan. 
The strains in the concrete on the top surface of the beams were 
measured with Types A9 and All, SR-4 electric strain gages as described in 
Section 11. 
Steel plugs, 1/2-in. in diameter and 1/4-in. long with gage holes 
drilled in one end, were cemented to the sides of the beams in order to 
measure strains at those locations. A 6-in. Berry mechanical strain gage 
with a multiplication ratio of 3.065 x 10-5 was used to measure the strain 
distribution over the depth of beams S-l through S-9 at the location of the 
load blocks. A 36-in. direct reading gage, employing a O.OOl-in. dial indi-
cator was used to find the total concrete strain at the level of the steel in 
beams S-17 through S-34. No measurements were made on the sides of the other 
beams • 
Strains in the steel reinforcement were measured with types A7 and 
A12, SR-4 electric strain gages as described in Section ll. 
Deflections were measured with O.OOl-in. dial indicators. In a few 
of the first beams tested a steel rule was used to measure the deflections in 
the advanced stages of loading. Measurements were made from the base of the 
testing machine to paper targets cemented to the sides of the beams at mid-
depth. This method was abandoned when it was found that the dial indicators 
could be used safely up to ultimate load if blocks were provided to keep the 
beam from falling on them when it ruptured. 
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Strains in the dynamometers were measured at various increments 
of load to determine if any increase in stress in the wires occured at the 
end of the beam. 
Cracks were marked at each load increment, and the development of 
each crack was recorded by marking the number of the increment at the top of 
the crack. Photographs were made of the beams showing the crack patterns 
shortly before the ultimate load was reached and after failure had occurred. 
13. Testing Machines and Loading Apparatus. 
All of the beams except those loaded at midspan (beams S-21 through 
8-27) were tested in a 100,000-lb Olsen screw-type testing machine and the 
load was measured with a 50,000-lb elastic-ring dynamometer. The dynamo-
meter was equipped with a dial indicator which was ca~ibrated at 110.8 Ib per 
division; it was sensitive to about one-tenth of a division. In order to 
provide access to the beams during the test, they were not positioned in the 
middle of the machine, but to one side. The loading apparatus is shown in 
Figs. 12 and 13. The ball and roller combination provided for the movements 
that occurred at the bearings during the latter stages of the tests when 
deflections were large. Beams 8-21 through 8-27 were tested in a 300,000-lb 
Olsen screw-type testing machine and the load was measured with the weighing 
mechanism of the machine. 
14. Test Procedure. 
The tests were made with about 10 increments of load, with two or 
three intermediate midspan deflection readings made between each increment. 
The testing machine was stopped after applying each increment of load. 
Strain and deflection readings were recorded and cracking was observed and 
marked on the side of the beam. Usually there were about three equal incre-
ments of load up to the cracking load. Thereafter, increments were based on 
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strain and deflection measurements rather than load. A certain amount of 
drop-off in load and increase in deflection occurred while strain and de-
flection readings were being recorded. The maximum load, which occurred as 
the testing machine was stopped, was recorded and the deflection readings 
were taken immediately. The beams were loaded until they ruptured completely 
and would no longer carry any appreciable load. The length of time re~uired 
to test the beams usually varied from 2 to 3 hours. 
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III. DEVELOPMENT OF PROCEDURE FOR CALCULATION OF ULTIMATE LOAD 
15. Discussion of Modes of Failure of Bonded Beams. 
A knowledge of the modes of failure is one of the most important 
results to be gained from ultimate load tests of concrete structural members. 
Some types of failure are ductile and progress gradually, others are brittle 
and progress rapidly. Specifications usually provide a higher factor of 
safety against the latter type of failure since they are generally considered 
to be more dangerous and less desireable. 
(a) Flexure Failures. 
In order to evaluate the degree of ductility of beams failing in 
shear, flexure failures are discussed first. Flexure failures may be grouped 
into three categories: (1) failure by fracture of the reinforcement; (2) 
failure by crushing of the concrete after the steel strain has entered the 
inelastic range; and (3) failure by crushing of the concrete while the steel 
strain is still in the elastic range. Beams in the first two groups are 
under-reinforced, and beams in the third group are over-reinforced. The 
range of the percentage of steel, for a given concrete strength, that may 
be used in a beam for each of the three types of failure depends on the 
stress-strain characteristics of the steel. That is, for steels with a 
large ultimate elongation the possibility of fracturing the reinforcement 
is less than for steels with a small ultimate elongation. For steels with 
a high yield point the dividing line between group (2) and (3) is lower than 
for steels with a low yield point. 
In general, concrete beams are "elastic" prior to cracking regard-
less of whether they are over-reinforced or under-reinforced; that is, a 
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load may be applied and removed repeatedly without altering the behavior 
of the beam. The load-deflection curve is a straight line and has the same 
slope each time the load is applied. The presence of prestress in a beam 
increases the cracking load and thereby extends this range of elasticity. 
If the beam is grossly under-reinforced, the reinforcement may 
rupture as soon as the concrete cracks and transfers all of the tension to 
the steel. With a little more reinforcement, the steel will not rupture 
until after considerable deformation of the beam and crushing of the concrete. 
The majority of beams in practice fall in group (2) and would 
fail by crushing of the concrete after the steel strain has entered the 
inelastic range. After first cracking of the beam and before the steel 
becomes inelastic, the beam still behaves flelasticallyrt, but its stiffness 
has changed. As a load is applied to the beam, the cracks open, and when 
the load is removed the cracks close, or nearly close, depending on the 
amount of prestress in the beam. The presence of prestress causes the 
cracks to close before the load is completely removed. Upon reloading, the 
cracks will open at a load below the original cracking load because the con-
crete no longer carries any of the tension. After the steel becomes in-
elastic, the beam will continue to deform with little or no increase in 
load. When the compression zone is destroyed by crushing of the concrete, 
which occurs at some limiting value of strain, the beam loses its capacity 
to carry load. In ordinary reinforced concrete beams, the load may fall 
off slowly, especially if compression reinforcement is present. In pre~ 
~+.re~sed concrete beams. the comnression zone seems to explode when it has 
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crushed to the extent that it can no longer carry the maximum load. This 
is caused by the release of the energy stored in the steel. If the beam 
were unloaded after the strain in the steel has become inelastic but before 
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th2. :.;cncrete crushes, there would be sr.j[..ie permanent deformation. Ro~wever} 
if the prestl'ess has not been entirely dissipated by th~: i.nelastiG derorm8.-
tions, the cracks may still close eutirely. This type of failure is the 
most ductile of all flexure failures. It is design&ted as an initial 
tension failure with a final compression failure. 
In over-reinforced beams, the steel is not stl'essed into the 
inelastic range, but the concrete is. The load can be increased until the 
strain in the concrete reaches its limiting value and the concrete starts 
to crush. The load may still be increased as crushing progresses, but when 
crushing has developed to the extent that the compression zone can no longer 
carry the load, the beam fails. The ultimate deformations of such over-
reinforced beams, other than the concrete strain in the region of crushing, 
are small. The steel strains are still in the elastic range. This tj~e 
of failure is the least ductile of all flexure failures. It can occur with 
little warning because the ultimate deflection is small and the crack widths 
are not excessive if the bond is good. It is designated as an initial com-
pression failure. 
A typical flexure failure is shown in Fig. 14. 
(b) Shear Failures 
A beam that fails in shear behaves with the same degrees of 
elasticity in the early stages of loading as a corresponding beam failing 
in flexure. Behavior during the latter stages of loading is influenced by 
the shape of the cross-section and the amount of prestress as well as by the 
concrete strength and percentage of steel. 
Deformation of beams failing in shear is accelerated by the 
formation of diagonal tension cracks. These cracks progress most gradually 
in beams with rectangular cross sections and high prestress, but in any event 
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they progress more rapidly than the pure flexure cracks. In beams with an 
I-shaped cross section, diagonal tension cracks may occur suddenly over the 
entire depth of the web before the formation of the first crack in the region 
of pure flexure, regardless of the amount of prestress. In rectangular beams 
with a low prestress, the diagonal tension cracks may occur very suddenly over 
a considerable depth of the beam; but not before the formation of cracks in 
the region of pure flexure. 
The diagonal tension cracks are directed toward the pOint or 
application of the load causing a "concentration"of rotation near this point. 
The concrete strain increases rapidly at the top surface of the beam at a 
location over the diagonal tension cracks, and when the limiting value is 
reached the concrete begins to crush. The behavior of the beam during the 
final stage of loading is very similar to that of a beam failing in com-
pression. This type of failure has been defined as a shear failure, but it 
might be more accurately described as a failure by compression 'as a result 
of diagonal tension cracking. 
One interesting feature of the shear failures observed in the 
beams tested is that, in the majority of the beams, the diagonal tension 
crack became horizontal at its upper end and invaded the region of pure 
flexure where final failure occurred by crushing or the concrete. 
A typical shear failure is shown in Fig. 14. 
(c) Bond Failures. 
In beams with web reinforcement, bond failures in ordinary rein-
forced concrete beams are highly improbable because of recent improvements 
made in the bond characteristics of ordinary reinforcing steel. However, 
if diagonal tension cracking is extensive or if the shear span is short, 
cracking at the level of the steel may extend nearly to the end of the beam, 
leaving only a few inches in which to transfer the entire steel stress to 
the concrete through bond. A bond failure while Doth the concrete and the 
steel strains are in the elastic range is highly probably in these beam£) 
~ess some type of special anchorage is provided. It seems possible that 
some of the failures reported in the literature simply as "diagonal tension 
failures" or "shear failures u might more properly be reported as failure 
in bond as a result of diagonal tension cracking. 
Bond failures in prestressed concrete beams can occur in the same 
manner as in ordinary reinforced concrete beams as a result of diagonal 
tension cracking. In addition, they are possible without diagonal tension 
cracking because the type of reinforcement used bas very poor bond character-
istics and is stressed to much higher values than ordinary reinforceMent. 
The wire reinforcement used in the beams tested was intentionally 
rusted to improve its bonding ability. Anchorages were provided on the ends 
of the wires of the post-tensioned beams 50 that further slip of the wires 
would be prevented if' the bond failed to tbe end of the beam. The I-beams 
and two rectangular beams were pre-ten$ioned and had no end anchorages. In 
the I-beams, the lower end of the diagonal tension cracks extended hori-
zontally along the top of the bottom flange. As a result, three of the 1-
beams tailed in bond.. The two pre-tensioned rectangular beams developed 
more cracks than the post-tensioned beams, indicating good bond, and they 
developed the full shear capacity. 
Bond failures may occur at any stage of loading depending on the 
Qond characteristics of botb the steel and the concrete. Once the bond has 
been destroyed to the end of the reinforcement, the beam becomes a plain 
concrete beam and fails immediately_ 
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16. Definition of Shear Failure. 
In this report, a shear failure is defined as follovlS: A beam 
fails in shear when it fails as a result of diagonal tension cracking be-
fore having developed its full flexural capacity. Shear failures accompanied 
by bond failures are not included in this group. The writer prefers to 
call these bond failures. 
17. Hypotheses of Failure. 
One of the objectives of this investigation was "to increase our 
knowledge of the ultimate strength of prestressed concrete beams failing in 
shear". This can be partially accomplished by establishing a procedure for 
predicting whether a given beam will fail in shear or in flexure and at what 
ultimate load it will fail. The beams tested were all simply supported, 
subjected to concentrated loads, and reinforced for tension only. The theory 
developed applies specifically to this type of beam. 
The following hypotheses were partly based on the mode of failure 
observed in the first few beams tested; they were helpful in planning the 
remainder of the test program and in developing a procedure for calculating 
the ultimate loads. 
First Hypothesis: Over-reinforced beams will fail in shear if 
sufficient web reinforcement is not provided to restrain the shear deformation 
and allow the beam to develop its flexural capacity. It can be seen in Fig. 
15 that the maximum shear and maximum moment occur at the same section in the 
beams tested. If adequate web reinforcement is provided in the region of 
shear, diagonal tension cracks are somewhat retarded and are distributed 
better than in beams with no web reinforcement. It appears that if diagonal 
tension cracks are not restrained, they should be at least as well developed 
as pure flexure cracks at loads near the ultimate, for beams that do not fail 
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in tension. If this is true, the state of stress over the diagonal tension 
crack near the section of maximum moment and maximum shear is more critical 
than the state of stress over the cracks in the region of .pure flexure. 
Second Hypothesis: Under-reinforced beams will fail either in 
tension or shear. Beams grossly under-reinforced do not require web rein-
t 
forcement for the beam to develop its flexural capacity, but as p/f c is 
increased, web reinforcement is required to restrain the shear deformation 
and allow the beam to develop its flexural capacityo This is an extension 
of the first hypothesis and is only qualitative. The limit between initial 
shear failures and initial tension failures remains to be established 
quantitatively. It is expected that this limit may be affected by the 
I 
moment of shear ratio as well as by p/fc ' When the moment to shear ratio 
is very small (maximum moment occurring close to the support), there is 
little possibility for the formation of diagonal tension cracks. 
Third Hypothesis: Shear failures are caused by the propagation 
of diagonal tension cracks, but final failure occurs when the compression 
zone above the diagonal tension crack is strained to its ultimate capacity. 
A secondary effect of the diagonal tension crack, apt to occur unrecognized, 
is a bond failure. Short, deep beams are more vulnerable to bond failures 
because the diagonal tension crack at the level of the steel may be close 
to the end of the beam. This provides a very short length in which to 
develop the full tensile stress by bond. Although this type of failure 
is a result of the presence of shear, the writer prefers to call it a bond 
failure since it could probably be prevented or retarded by some manner of 
special anchorage of the longitudinal reinforcement. Bond failures produce 
unexpected and unpredictable deformations of the beam which cause a premature 
destruction of the compression zone before it has developed its ultimate 
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capacity. These failures occur at loads generally below those for failures 
which are called primary shear failures. 
Fourth Hypothesis: The vertical shearing stresses do ~ot cause 
distress in the compression zone of the beam. Final failure occurs when 
the concrete above a diagonal tension crack crushes. This is somewhat 
substantiated by the fact that in the majority of the beams tested, the 
diagonal tension crack became horizontal at its upper end and invaded the 
region of pure flexure where final failure occurred by crushing of the 
concrete. No vertical shearing stresses existed on the plane of failure 
for these beams. The presence of shear has the effect of increasing the 
principal tension and compression stresses. The stress at which concrete 
fails in true shear is not well established. Various tests have been made 
with the aim of establishing this property of the concrete. Because of 
the difficulty encountered in attempting to load a specimen in pure shear, 
the results of the tests varied appreciably. Talbot (1) reported the 
I 
ultimate strength of concrete in shear to range from 0·50 - 0·75 fc . 
Tests conducted at the Bureau of Reclamation Laboratories in Denver (9), 
and the same tests restudied by Chambaud (ll) indicate the value may be as 
t 
low as 0020 fc Cylinders subjected to an unconfined compression test 
I fail along the surface of maximum shear at a shearing stress of 0·50 fc . 
There is no reason to believe the shear strength of concrete in a flexural 
member is the same as in other types of members since the combination of 
stresses may be different. Perhaps the state of stress in the compression 
zone above the cracked portion of a flexural member is as near like that in 
an unconfined compression test of a cylinder as in any type of member that has 
been used to determine the shear strength of concreteo 
In accordance with the foregoing four hypotheses, a procedure has 
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been developed for calculating the ultimate load of beams failing in shear. 
Essentially, a compression type of ultimate moment formula) based on a re-
duced depth to the neutral axis, 1s presented. It states that if a given 
beams fails in shear, it will fail at a limiting moment rather than at a 
limiting shear. The shear causes diagonal tension cracks which reduce the 
depth to the neutral axis and cause a compression failure at a load below 
that caused by a pure flexure failure. 
18. Restrictions and Assumptions of Analysis. 
The analysis is restricted to beams failing in shear; flexure 
or bond failures are not considered. It was developed for simple rectangu-
lar beams with concentrated loads, reinforced for longitudinal tension forces 
only. The equations derived are applicable to beams of other cross sections, 
if the compression area at failure is rectangular. It is believed that the 
theory may be extended to apply to restrained beams as well as simple beams. 
The following assumptions on which the analysis is based are some-
what similar to those made for ultimate flexural theories: 
(a) Crushing of Concrete at a Limiting Strain. 
The analysis is based upon the supposition that the maximum 
capacity of the beam is reached when the concrete crushes. This is a usual 
assumption made in flexural analyses; however, for a flexural failure the 
steel stress may be in either the elastic or inelastic range) whereas, for 
a shear failure the steel stress will usually be in the elastic range or not 
far into the inelastic range. It is assumed in the analysis that the con-
crete crushes at some limiting strain, determined from experiments to be in 
the neighborhood of 0.004. 
(b) No Tension Resisted by the Concrete. 
It is assumed that the concrete resists none of the tension stresses 
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in the beam. Actually the concrete possesses tensile strength and does 
resist some tension. However, the contribution of the tension stresses 
in the concrete to the ultimate load carrying capacity of the beam is so 
small that it can safely be neglected. 
(c) Stress-Strain Relationship for the Steel. 
It is assumed that the stress-strain relationship for the steel 
is known. As far as shear failures are concerned, the analysis does not 
make use of the stress-strain relationship much beyond the elastic range. 
However, in order to predict the ultimate strength of beams not failing 
in shear~ it is necessary to know the stress-strain relationship through-
out its entire range. 
(d) Properties of the Stress Block of the Concrete at Ultimate Load. 
The distribution of stress at ultimate load in the compression 
zone of a beam has been assumed by various investigators. In this investi-
gation no attempt was made to assume the shape of the stress block other than 
to define the depth to the neutral axis. Instead, the stress block is de-
fined by three parameters kl' k2' and k; as shown in Fig. 16. The range 
over which these parameters vary can be calculated or estimated fairly 
well, but the manner in which they vary must either be assumed or evaluated 
from the test data in order to predict the ultimate capacity of a beam 
failing at a limiting concrete strain. This method of defining the stress 
block in the compression zone was introduced by Stassi in 1932 (4). 
(e) Bond Between Steel and Concrete. 
The analysis presented applies only to beams with the reinforce-
ment bonded to the concrete throughout the entire range of loading. However, 
if the dimensions of the beam and manner of loading are such that the lower 
end of diagonal tension cracks are close to the end of the beam, and if as 
a result of this cracking the bond is destroyed to the end of the beam, 
then the analysis is still valid for predicting the ultimate load the 
beam will carry, if further slip of the reinforcement is prevented by 
some manner of end anchorage. 
The distribution of cracks is controlled by the amount of bond 
available. It is probable that beams with completely unbonded reinforce-
ment will not develop diagonal tension cracks; consequently, shear failures 
would not be likely in unbonded beams. This problem is discussed further 
in Chapter VI. 
19- Ultimate Shear Strength of Prestressed Rectangular Beams. Reinforced 
in Tension Only. 
An expression is developed for the ultimate load carrying capacity 
of rectangular, prestressed concrete beams reinforced in tension only. The 
expression can be applied to ordinary reinforced concrete beams by setting 
equal to zero the terms related to the effect of the prestress. 
As explained in Section 17, the expression is based on the hypo-
thesis that failure occurs at some limiting moment which causes distress in 
the compression zone of the beam. The effect of the shear is to produce 
diagonal tension cracks which reduce the depth to the neutral axis, thereby 
reducing the capacity of the compression zone to a value below that for a 
similar beam failing in a region of pure flexure. 
In Fig. 16, the total tension in the steel at ultimate load is 
equal to T = fsu pbd and the total compression on the section is equal to 
, 
C = klk3fcbkude The meanings of all symbols are explained in Section 5. 
The ultimate resisting moment produced by the couple acting on the beam is 
(1) 
or N 
ult 
k k f 'bd2 
1 3 c 
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:: (2) 
-Equations (1) and (2) are equations of equilibriuo and are valid fa~ any 
rectangular beam regardless of the mode of failure. A second equation of 
equilibrium states that the total tension must. equal the total com.pression. 
T :: C 
or (3a) 
from which ku = f suP (3b) 
klk5f~ 
By substituting Eq. (3b) into Eq. (2), the following equation can be written 
for the ultimate moment of a rectangular beam reinforced in tension only. 
Mult ) 
- = ku(l - ~ku · 
I 2 
klk3f cbd 
(4) 
Equation (4) has been developed by using only the two conditions of equili-
brium stated in Eqs. (1) and (3). Like Eqs. (1) and (2), it is valid for 
any rectangular beam regardless of the mode of failure. 
In this equation, the quantities b, d, kl' k2' k3' and f~ repre-
sent the physical properties of the beam and of the concrete. It is assumed 
that they are known for any specific beam. The quantity ku is a measure of 
the depth to the neutral axis, since it is th~ ratio of the depth of the 
neutral axis to the depth of the beam. It is a function of the known quanti-
ties, p and klk3f~, and of the unknoWn ultimate steel stress, f su • The 
difference between Eq. (4) applied to a flexure failure and Eq~ (4) applied 
to a shear failure is only in the calculation of fsu and ku. 
Figure 17 (a) illustrates the cracked state of a beam at the instant 
of failure in flexure. It is c'ommonly as'sumed that the average strain in the 
concrete in the region of pure flexure varies linearly from the top surface of 
the beam to' the level of the steel for all stages of loading. Measurements 
have shown this to be a valid assumption. Thus, the quantity kU or the depth 
to tae neutral axis can be f"ound from the conditions of compatabili ty or strains •. 
Figure 17 (c) illustrates the cracked state of a beam at the instant 
of failure in shear. The diagonal tension cracks rise to a greater height than 
the flexural cracks, and are all directed toward the load. The fact that shear 
stresses are present in quantities large enough to produce diagonal tension 
cracks obviates the assumption that there is a linear distribution of strain 
in this region of combined shear and moment. This leaves no rational method 
of determining the depth to the neutral axis. In seeking an empirical method 
of determining this quantity, use is made of the crack pattern shown in the 
beam of Fig. 17 (c). Since the diagonal tension cracks are all directed to-
wards one point on the compression side of the beam, most of the rotation and 
compressive strain in the concrete in this region of combined shear and moment 
will be "concentrated" at this location which thus acts as a hinge. The lower 
ends of the diagonal tension cracks are distributed along the bottom of the 
beam. This has the effect of increasing the steel stresses in the region of 
shear over those which would be expected from conSidering the moments which 
exist at the various sections along the beam. For instance, in Fig. 17 (c), 
consider the free body diagram of the portion of the beam to the left of 
crack a-b. It is seen from the equation of equilibrium involving horizontal 
forces that the steel stress at £ is controlled by the moment at a. These 
facts suggest that an average value of the concrete strain on the top surface 
and an average value of the concrete strain at the level of the steel can both 
be determined empirically and used to define the depth to the neutral axis at 
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the section where failure occurs. This was done in the analysis which 
follow~-. 
In Fig. 18, the strain distribution in the beam is shown at three 
stages ~ Bill-et and Appleton (15) describe these stages as follows: (1) At 
pre"stress, the compressive strain in the concrete at the level of the steel 
is Ece' and the steel strain is Ese. (2) As load is applied to the beam, 
the "compressive strain in the concrete at the steel level decreases, and at 
the stage of loading shown it reaches zero. At this stage the steel strain 
is equal to € + E ,and the top of the beam is in compre"ssion. (3) With se ce 
a further increase in load, the concrete at the steel level is subjected to 
tension. The compressive strain at the top increases until it reaches the 
ultimate value E. The elongation at the steel level occurring during the 
u 
third stage of loading is designated as € • Thus the total steel strain 
cu 
at ultimate load may be thought of as composed of three components. 
By applying the empirical modifications to the conditions of 
compatability of strain, an expression for the strain in the concrete at 
the level of the steel at ultimate load can be written: 
(6) 
where KlEu = average concrete strain on the top surface of the beam over 
the length of the shear span for ultimate load, 
and 
Thus 
K2E = average concrete strain at the level of the steel over the 
eu 
length of the shear span for ultimate load, 
Kl 
= K. 
-~ (l-ku) EU (6a) ECU = K ku 
Substituting for ku from Eq. (3b) 
(6b) 
In writing Eqs. (6) and (6a) the following assumptions are made: 
(1) If the average strain over the region of shear is determined at all 
levels, the distribution of average strain will be linear between the top 
and bottom of the beam. And (2), most of the rotation that occurs in the 
region of shear is concentrated at or near the paint of application of the 
load, where failure occurs. The value of K is an empirical term which modi-
fies the ultimate concrete strain in the equations expressing .the depth 
to the neutral axis in the shear region of the beam. This empirical modi-
fication is necessary since linear strain distribution does not exist on a 
section in a region of shear after the formation of diagonal tension cracks. 
If the equations were being derived for flexure failures, it could be assumed 
that failure would occur in the region of maximum moment where the shear is 
zero, and linear strain distribution in this region could be assumed. Con-
sequently, it would not be necessary to modify the concrete strain in com-
puting the depth to the neutral axis. This method of expressing the ultimate 
concrete strain in computing the depth to the neutral axis is the only 
difference between the form of the equations for the ultimate load of beams 
failing in shear and in flexure. 
By substituting Eq. (6b) into Eq. (5), the following expression 
can be found for the ultimate steel stress: 
fsu = 
ESU - Ese - Ece + KEu 
The absolute value of the strain should be used in Eq. (7), since the signs 
were taken into account in the derivation. 
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E~uation (7) represents one relationship between the steel stress 
1 
and the steel strain at ultimate load for any given value of fc and p; the 
stress-strain diagram is another relationship. Only one combination of stress 
and strain will satisfy these relationships simultaneously. The values of 
Esein E~. (7) can be determined from the stress-strain diagram of the steel 
for any given effective prestress, f 
se 
The strain E in the concrete at 
ce 
the level of the steel due to fse' can be computed by an elastic analysis 
for the uncracked section. The terms K, kl k3, and Eu were determined em-
pirically from the tests. A trial and error process was employed to find 
the values of f and E which satisfy simultaneously Eq. (7) and the stress-
su su 
strain diagram for the steel. 
The values of the ultimate steel stress, f ,found from Eq. (7) 
su 
for various prestresses, for both types of steel used in the investigation, 
and for a large range of P/klk3f~ are represented graphically in Figs. 19a 
t 
and 19b, which are plots of fsu vs. p/klk3fc. It appears from the test re-
suIts that shear failures do not occur at values of steel stress above some 
value near the 0.2 percent offset stress for the type of steel used. This 
is discussed further in Section 29. The values of fsu from Figs. 19a and 
19b are used in the following equations to compute the ultimate moment for 
a beam failing in shear: 
and ~lt (4) 
where k2 is assumed to be 0.42, a constant. 
It is common to express the ultimate strength of a beam graphi-
cally, as a function of the controlling variables. Equation (4) suggests 
I 2 
that it would be convenient to plot Mult/klk3fcbd vs. ku as shown in 
Fig. 20. The advantage of representing the ultimate strength of a beam 
in this way is that Eq. (4) is one of equilibrium and is valid for any 
type of failure, any prestress, any type of steel with any stress-strain 
relationship, for either bonded or unhonded beams, and for beams with any 
cross-section provided the compression zone at ultimate load is rectangular. 
These various factors are, of course, taken into account in the computed 
values of fsu which can be represented in auxiliary graphs such as those of 
Figs. 19a and 19b. The points in Fig. 20 represent the beams of this 
investigation which failed in shear. This is discussed further in Section 27. 
The type of steel commonly used in ordinary reinforced concrete 
has the type of stress-strain relationship that is easily idealized with 
two straight lines. The first straight line is expressed by the equation 
and the second straight line is expressed by the equation 
f 
s 
= f . 
Y 
'21 
These relationships make it convenient to plot MUlt/klk3fcbd vs. Pfy/klk3fc 
for tension failures, and MUlt/klk3f~bd2 vs. EsP/klk3f~ for compression 
failures. Although it has not been done previously, it would also be con-
venient to plot Mult/klk3f ~bd2 vs. EsP/klk3f ~ for shear failures. This is 
discussed further in Section 27. Inspection ,of Figs. 5a and 5b showing the 
stress-strain diagrams for the high strength steels used in these tests 
suggests that these stress-strain relationships cannot be as accurately 
idealized with two straight lines as can be done for the reinforcing steel 
used in ordinary reinforced concrete. Nevertheless, it is convenient to 
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plot ~lt/klk3f~bd2 vs. EsP/klk3f~ for the prestressed concrete beams of 
this investigation failing in shear, since the observed mode of final 
failure of these beams is similar to that for compression failures although 
the deformations and manner of cracking is different. The term Esp/klk3f~ 
, 
is a dimensionless parameter which for simplicity will be denoted as Q . 
Figures 2la and 2lb show the ultimate moments for beams failing 
in shear plotted vs. Q' = Esp/klk3f~ for various effective prestresses and 
the two different types of steel used in the investigation. These curves 
are more conveniently used for predicting the ultimate moments for beams 
failing in shear than the curve of Fig. 20 since the ultimate steel stresses 
have been incorporated in the curves of Figs. 2la and 2lb. The curves are 
ended at their lower extremities at a value of Q' for which the ultimate 
steel stress found from Fig. 19a or 19b would be equal to the 0.2 percent 
offset stress. It appears that for the type of beam tested only tension 
, 
failures will occur for lower values of Q. This is discussed further in 
Section 29. 
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IV • PRESENTATION AND ANALYSIS OF TEST RESULTS 
20. Comparison of Measured and Computed Cracking Load. 
One of the features of prestressed concrete is that cracks can 
be eliminated at working loads. For this reason the cracking load was 
observed during the test and has been compared to a calculated cracking load. 
For beams with a low percentage of steel and a low prestress it 
was a simple matter to observe the cracking load of the beam since the crack 
usually opened to a height of about 6 in. above the bottom of the beam and 
caused a sudden deformation of the beam which CQuld be observed by a jump 
in the deflectometer reading. As the percentage of steel and the prestress 
were increased, it became more difficult to determine the cracking load 
visually during the test because the cracks opened slowly and progressed 
slowly with further increase in load. These beams were therefore closely 
scrutinized during the loading procedure for signs of first cracking. De-
flection readings were taken at small increments of load and if the cracking 
load was not observed during the test it could be found rather reliably from 
the load-deflection curve. 
The cracking load can be computed if one knows the effective pre-
stress in the beam, the tensile stress at which the concrete cracks, and the 
properties of the cross section. 
In the post-tensioned beams tested, the effective prestress at the 
end of the beams was determined with the dynamometers. It is possible that 
the effective prestress in the middle of the beam was different from that at 
the end of the beam due to a non-uniform loss in prestress. Gages were 
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mounted on the steel wires near the midspan of the beam, but in most cases 
these gages did not reliably measure the drop-off in stress. In the pre-
tensioned beams the gages on the wires yielded more reliable readings because 
they did not receive the rough treatment that the gages on the post-tensioned 
wires received when they were inserted into the grout channel. In these 
beams, the effective prestress was measured at midspan in the region where 
first cracking should occur. 
Perhaps the greatest source of error in calculating the cracking 
load occurs in evaluating the stress at which the concrete cracks. In order 
to have some basis for this quantity, two 6 by 6 by l8-in. plain concrete 
beams were cast from the same batch of concrete that went into the bottom half 
of the test beams; the modulus of rupture of these beams was determined from 
a third-point load test and ~as considered to be the tensile strength of the 
concrete in the calculation of the cracking load. Unfortunately, this is 
not a satisfactory method of predicting the cracking strength of the concrete, 
since the two modulus of rupture beams frequently gave two very different 
values, neither of which was necessarily as low as the weakest section in 
the tension zone of the test specimen. Furthermore, J. W. Johnson states in 
a report of tests (3) tt the modulus of rupture of plain concrete beams 
varies with the method of loading, and, for center loading at least, with 
some ratio of span to depth of beam •.• " The modulus of rupture is shown as 
a function of the compressive strength of the concrete in Fig. 22. 
The properties of the cross section of the beams were known rather 
accurately. However, the calculations were complicated somewhat by the pre-
sence of the grout channel in the post-tensioned beams. At the time the 
prestress was introduced, the grout channel was empty, giving the beam a 
slightly reduced area and section modulus; however, when the beam was tested, 
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the grout channel had been filled and the section modulus was based on the 
gross cross-sectional dimensions. Some doubt exists as to whether or not 
the grout core acted integrally with the rest of the beam during the entire 
range of loading, but in the writer IS opinion there was complete interaction 
at least to the cracking load. 
The cracking load was computed as follows: It was assumed that 
cracking occurred when the stress at the bottom of the beam became equal 
to the modulus of rupture, f r - This can be expressed as 
(8) 
where the first term is the stress caused by the applied moment at first 
cracking, Mcr' and the second term is the stress caused by the prestress 
force and the dead load. The moment at cracking is determined by solving 
Eq. (8), and cracking load, Pcr ' is then obtained from the moment_ The 
various components of stress contributing to the total stress on the beam 
cross section at the cracking load are shown in Fig. 23-
The observed and computed cracking loads and their ratios are 
reported in Table 5. Except in a few instances the observed cracking load 
was less than the calculated cracking load. Tbis could be caused by local 
weaknesses in the concrete of the tension zone and by stress concentrations 
caused by steel chairs used to support the form for the grout channel. The 
average value of the ratio of the observed to computed cracking load for the 
38 beams tested was 0.895 and the standard deviation was 0.10; however, the 
average value of the same ratio for the six pre-tensioned beams only, was 
1.003 with a standard deviation of 0.12. This seemingly better agreement 
between observed and computed cracking loads could be caused by any of the 
following factors: (1) pure chance; (2) the effective prestress was 
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measured in the region of cracking rather than at the end of the beamj 
(3) the modulus of rupture of the control beams may have been more nearly 
equal to the actual cracking stress in the beams because a different type 
of aggregate was used which yielded lower values for the modulus of rupturej 
or (4) the pre-tensioned beams did not have the grout core and were perhaps 
more homogeneous than the post-tensioned beams. 
21. Load-Deflection Relationships. 
Load vs. deflection curves are plotted in Figs. 24a-24d for all of 
the beams tested. The following properties of the curves are of interest. 
Before cracking, the load-deflection relationship is represented 
by a nearly straight line. The midspan deflection at the cracking load can 
be calculated from the following formula for a beam with two symmetrical 
loads, 
(9) 
where a is the distance from the load to the support and P is the total 
load. It can be seen in Figs. 24 that the initial straight line portions 
of the load-deflection curves for beams of similar span, cross section, and 
loading condition have different slopes. Equation (9) indicates that this 
difference in slope could be caused by variations in the modulus of elasti-
city for the different strength concretes used in the beams. No attempt 
was made to measure the modulus of elasticity of the concrete, but the 
following relationship recommended by Jensen (6) waS used with Eq. (9): 
Ec = 30,000,000 
t:: • 
./ T 10,000 
ff 
C 
Table 6 gives a comparison between the observed deflections and those com-
puted from E~. (9) based on the observed cracking load. The aVerage value 
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of observed deflection is 36 percent greater than computed. A small part 
of this discrepancy is due to the fact that the tension stresses on the 
bottom of the beam are not linearly distributed at the cracking load as is 
assumed in Eq. (9)" 
The shape of the load-deflection curve after first cracking is 
somewhat dependent upon the amount of longitudinal steel, p; the concrete 
f 
strength, fc; and the effective prestress, fse" An increase in any of 
these variables tends to increase the cracking load and thus afrect sub-
sequent deflections at any given load. As cracking progresses, the moment 
of inertia of the beam decreases, and the deflection accelerates with in-
crease in load. 
In some of the beams, such as S-l and S-3 (Fig. 24a), with small 
amounts of steel and low prestress, there is a sharp break in the load-
deflection curve at the cracking load, followed by a line of nearly constant 
slope. This is caused by a rather well developed crack pattern forming 
suddenly, followed by a much slower development of cracks with further 
increase in load. 
In over-reinforced beams with a high prestress, the cracking of the 
beam develops slowly. The moment of inertia of the beam and the slope of 
the load-deflection curve after first cracking.both decrease gradually. 
Most of the curves in Figures 24 show that the load was continually 
increasing until final failure occurred. This is in contrast to beams which 
fail in tension and undergo large deformations with little or no increase 
in load while the steel yields prior to destruction of the compression zone. 
22. Distribution of Concrete Strain en Top Surface of Beam. 
The deformations of a beam failing in shear are considerably diff-
erent from those of a beam failing in flexure. If the beam possesses a 
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region of pure flexure, the cracks in this region are "nearly vertical and, 
if the bond is good,they -are spaced closelyt-ogether. The strains" will be 
rather uniform in this region of constant moment. In the region of combined 
shear and flexure, the cracks are inclined and converge to some point near 
the application of the load. The section of concrete above the ends of these 
cracks acts like a hinge; most of the rotation from the region of combined 
shear and flexure is nconcentratedl1 at this section. 
The strain in the concrete on the top surface of the beam at any 
section is proportional to the amount of rotation that occurs at the section. 
Strains were measured at several points along the top of beams 8-6 through 
S-38 with the exception of S-34. The strain distribution at ultimate load for 
typical"beams is shown in Figs. 25 and 26. It can be seen that the strain 
is not proportional to the moment as would be expected in a homogeneous, 
elastic material. For the beams failing in shear (Fig. 25), the highest 
strains were localized over the tops of the diagonal tension cracks; and 
strains in regions of pure flexure were rather uniformly distributed and 
were not as large as those over the diagonal- tension cracks. For the beams 
failing in flexure (Fig. 26), the highest strains occurred in the region of 
crushing over the pure flexure cracks and were not as localized as for the 
shear failures. 
23. Average Strain at First Crushing. 
The theory of failure presented in Chapter III is one of limiting 
strain. It is based on the assumption that the capacity of the beam is 
reached when the concrete crushes and that the concrete crushes at some 
definite limiting strain. 
As explained previously, strain measurements were made along the 
top surface of the beam with l-in. gage length SR-4 gages. In the region 
57· 
of 'the-loads, where the concrete crushed, the gages were spaced closely 
together so'that the crushing strain could be measured. It was not always 
possible to read the strain when the concrete first crushed. In these 
instances, the strain was determined by extrapolation to maximum load 
from load-strain curves or from deflection-strain curves. 
The crus'hing strains are plotted against the compressive strength 
of the test cylinders in Fig. 27. There is a rather large scatter and there 
seems ,to be no consistent variation "With the strength'of' the concrete. The 
average value of the strain at which the concrete crushed is 0.00385. This 
is consistent with 'the results of two other investigations made in this 
laboratory recently: Hognestad reports the critical value to be 0.0038 (14); 
and Gaston reports the critical value to be 0.0040 (19). 
24. Evaluation of kl , k2' and k3 . 
In Fig. 16, the distribution of stress in the concrete at ultimate 
load is defined by the three parameters kl , k2' and k3 . The quantity k3 is 
the ratio of the strength of the concrete in the beam to the strength obtained 
from tests of standard 6 x 12-in. cylinders, and indications are that it may 
vary from less than one to considerably more than one; the quantity kl is the 
ratio of the area of the stress block to the area of the rectangle of alti-
tude ~ and base k3f~; and k2d is the depth to the centroid of the stress 
block. 
To determine k2 exactly the shape of the stress block must be knowuo 
Since there is no practical method of finding the relationship between stress 
and strain in the concrete at ultimate load, it is impossible to determine 
the shape of the stress block exactly. Fortunately k2 has the narrow range 
of from 0.333 for a triangular stress block to 0.500 for a rectangular stress 
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block, and the effect of varying ~ over this range is small. For convenience 
an average value of 0.42 was chosen for all conditions. 
The terms kl and k3 always appear as a product and cannot be deter-
mined separately. For the purpose of this investigation they were determined 
from the equations of equilibrium in the following way: 
then, 
I C == k k f bk d, 
1 3 c u 
M 
k k == ult 
1 3 (l-k k ) f'bk d2 
2 u c u 
(10) 
where k2 was assumed to be 0.42 and all other quantities were known or were 
measured in the tests. 
The values obtained from Eq. (10) are recorded in Table 7 and shown 
graphically in Fig. 28 as a function of the cylinder strength of the concrete. 
The following straight line equation was fitted to the data over the range 
shown: 
(11) 
Equation (11) is not valid for concrete strengths higher than those attained 
in these tests: the quantity klk3 should approach some lower limiting value 
for higher concrete strengths, but the scatter of data for the strengths be-
low 8000 psi and complete lack of data for strengths above 8000 psi do not 
justify a more refined equation. 
It appears from the results of these tests that the compressive 
strength of the concrete in a beam may be considerably higher than in a 
cylinder. For almost all of the beams tested, klk3 is greater than 1.0 No 
definite value can be assigned to kl without a complete knowledge of the 
distribution of stress in the compression zone. However, it can be shown that 
kl is 005 for a triangular stress distribution and 1.0 for a rectangular 
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stress distribution. Presumably, the stress distribution at ultimate load 
is somewhere between triangular and rectangular, and kl ranges between 0.5 
and 1.0 0 This indicates that k3f~} the effective concrete strength, was 
considerably greater than the measured cylinder strength for most of the 
beams tested. 
Other investigations concerned with beams failing in pure flexure 
(19) (20), as well as the four beams of tbis series of tests which failed 
in flexure, indicate that klk3 for flexural failures may be considerably 
less than the values found for the beams of this investigation which failed 
in shear. In the flexural tests, klk3 was found from average strain measure-
ments made in the region of pure flexure, whereas in this shear investigation 
it was necessary to find klk3 from the measured depth to the top of the dia-
gonal tension crack over which final failure occurred. The fact that the 
strain measurements for the determination of klk3 for the flexure series of 
beams were made over almost the entire length of the beam in pure flexure, 
while the actual region of failure may have been more localized, may account 
for the lower values of klk3 found for the flexure failures. It is also 
conceivable that klk3 may vary with the mode of failure, the state of stress 
in the region of failure, the type of loading used, and the depth of the beam, 
as well as the concrete strength. 
25. Evaluation of K. 
In the ultimate load theory developed in Chapter III, the depth to 
the neutral axis is based on an empirical modification of the distribution of 
strains in the shear region of the beam. Reference to Eqs. (6), (6a), (6b), 
and (7) reveals that the empirical quantity ~ appears only as a coefficient 
of the ultimate compressive strain in the concrete €u; the basis for this has 
been discussed previously. Equation (7) may be rewritten in the following form. 
ESU - Ese - Ece 
K Eu = -~( -l---l~)--
~ 
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(12) 
The terms E , € , E ,and k were either measured or computed from measured 
su se ce u 
quantities; thus Keu could be computed from measured test data. 
The computed values of Keu are recorded in Table 7; they are 
plotted in Fig. 29 as a function of the effective prestress in the steel, 
f se . Although a considerable amount of scatter is involved, Keu is noted 
to increase with the effective prestress. Two of the terms of Eq. (12), 
€ and k , are functions of the percentage of steel and the concrete strength, 
su u 
but Keu was not found to vary in any consistent or logical manner with either 
of the.~e quantities. Similarly, ~ , the ratio of shear span to depth of beam, 
had no appreciable effect on K~. Since the cracking of the beam and the 
distribution of concrete strain on the top surface of the beam are affected 
by the shape of the cross=section, it is believed that K may also vary with 
the shape of the cross-section. Four I-beams, S-35 through S-38, were planned 
for the purpose of investigating the effects of the shape of the cross 
section, but unfortunately the first three failed by bond. The mode of 
failure of S-38 was similar to that for the rectangular beams and K was found 
to be much lower than corresponding values for similar beams with rectangular 
cross sections. No definite conclusions are derived from this one test. 
Since K€u was found to vary conSistently only with the effective 
prestress, the following empirical formula was fitted to the values plotted 
in Fig. 29: 
= 0.00040 + 5 x 10-9 f 
se 
(13) 
The scattering of data represented in Fig. 29 is not uncommon 
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since Eu ' the strain at which concret.e crushes, is known to vary over a 
large range as was discussed in Section 23. 
26. Comparison of Measured and Computed Depth to the Neutral Axis. 
The ultimate moment expressions developed in Chapter III make 
extensive use of the depth to the neutral axis since it is the concrete 
above the neutral axis which must sustain the entire compression and shear 
stresses. Other values of klk3 and of K may be chosen which when used 
together will show substantial agreement between the measured and computed 
ultimate moments, but will not predict correctly the depth to the neutral 
axis. The two empirical equations; 
klk3 = 1·500 -0·715 x 10-4 ft (11) c 
and KEu = 0.00040 + 5 x 10-9 f se (13) 
are not arbitrary, but are based on actual test results. When these ex-
pressions are used with Eqs. (3b) and (7), the computed depth to the neutral 
axis should agree fairly well with the measured depth. 
equations: 
where 
and 
The depth to the neutral axis was computed from the following 
k d = depth of neutral axis, 
u 
fsu = 
€ - E - E +KE • su se ce II 
The solution of Eq. (7) is illustrated graphically in Figs. 19a and 19b for 
various prestresses, a wide range of P/klk3f~, and for both types of steel 
used in the investigation. 
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The measured depth to the netural axis was found by measuring with 
a scale the distance from the top of the beam to the top of the crack over 
which failure occurred. This assumes that the tension zone above the crack 
is negligibly small, which is probably quite valid at ultimate load. As 
crude as this method may seem, it probably yields better results than could 
be obtained from strain measurements made in a region of combined shear and 
flexure and seriously distorted by diagonal tension cracks. 
Both the measured and computed values of the coefficient ~ are 
given in Table 7 together with the ratio of the measured to computed depth 
to the neutral axis. The average ratio for the beams failing in shear is 1.02 
with a standard deviation of 0.15. 
27. Comparison of Measured and Computed Ultimate Load. 
The ultimate moment was computed from the following equation which 
was developed in Chapter III. 
(4) 
The terms in this equation have been previously discussed. The value of ku 
was determined from Eqs. (3b) and (7) with the aid of the empirical equations 
( 11) and ( 13) • 
The measured ultimate moment was, of course, calculated from the 
measured ultimate load. 
Both the measured and computed values of Mult/klk3f~bd2 are given 
in Table 8 together with the ratio of the measured to computed moment. The 
average ratio of measured to computed moment is 0.99, and the standard 
deviation from the average is 0.063. 
Equation (4) is represented graphically in Fig. 20 and the measured 
values of Multi klk3f~bd2 for the rectangular beams failing in shear are 
plotted for comparison. 
The beams which failed in flexure, 8-2, S-l3, S-17, and S-21 are 
also represented in Fig. 20, but the theoretical steel stress at ultimate 
load, f ,had to be computed differently than for the beams failing in su 
shear. The value of K for flexure failures is 1.00 
Three beams, which were tested in the investigation of flexural 
strength of beams, failed in shear and are also represented in Table 8 and 
Fig. 20. 
28. Nominal Shear Stresses and Principal Tension Stresses. 
The present ACI Building Code (ACI 318-51), which governs the 
design of ordinary reinforced concrete in most parts of the United States, 
bases the factor of safety of beams against shear failures on the ratio of 
the nominal shear stress to the cylinder strength of the concrete. The 
nominal shear stress can be computed from the following formula: 
v = ..:L-bjd (14) 
where 1 is based on a transformed section and calculated by the well known 
straight line theory. 
This method of designing for shear has some disadvantages. If the 
same specification applied to the prestressed concrete beams of this investi-
gation, the factor of safety against failure would have been as low as 0.83 
and could have been less for beams with a longer shear span. This is due to 
the fact that Eq. (14) is based entirely on shear, whereas the ultimate load 
of a beam failing in shear should be based on the moment in the beam. 
The shearing stresses computed from Eq. (14) and the ratio of these 
nominal ultimate shear stresses to the cylinder strengths of the concrete are 
listed in Table 9. No use is made of these data in the interpretation of the 
test results other than to note that in some beams the nominal ultimate shear 
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stress was very low and that it is not a good measure of the ultimate strength 
of the beam. 
Present methods used in the design of prestressed concrete beams 
include the calculation of principal tension stresses at working load as a 
measure of the severity of the shearing stresses. This method is valid only 
for the uncracked section. The beams of this investigation with prestresses 
less than 120,000 psi. would have a working load presumably higher than the 
cracking load of the beam. For the beams with prestresses in the'neighborhood 
of 120,000 psi. or higher, the working load is considered to be the load at 
which the stress on the bottom fiber is zero. The maximum principal tension 
stresses, St' at working load for this group of beams with high prestresses 
are recorded in Table 9. 
It can be seen from this table that the principal tension stress 
at working load for the rectangular beams is very small and gives no indi-
cation of the mode of failure or whether or not web reinforcement is 
necessary. In the I-beams, because of the thin web, the principal tension 
stresses are moderately, but not alarmingly high. In beam S-38, the princi-
I 
pIe tension stress is 96 psi. or 0.018 f which does not indicate a need for 
c 
web reinforcementj yet this beam failed in shear at 65 percent of the flexural 
ultimate load. The other three I-beams would have failed in shear also if 
the bond failures had been preventedj however, the computed principal tension 
I 
stresses in these beams were higher, ranging from 0.035 - 0.041 fc . 
29. Limits Between Shear and Flexure Failures. 
In Section 17, the hypotheses of failure do not establish the limit 
between initial shear failures and initial tension failures. It should be 
possible to establish the dividing line experimentally by systematically 
varying the prestress and p/f~ in beam tests. However, this method has the 
disadvantage of requiring a large number of tests for a solution. A more 
rational approach is suggested by the fact that the ultimate steel stress 
for beams failing in shear is in the elastic range while the ultimate steel 
stress for beams failing in tension is in the inelastic range. Equation (7) 
developed in Section 19 shows that for any given prestress, a beam with a 
given percentage of steel and concrete strength (p/klk3f~) should develop a 
certain ultimate steel stress. If the yield stress is used to define the 
dividing line between shear and tension failures, its value can be substi-
tuted into Eq. (7) and the equation solved for the corresponding value of 
p/klk3f~. The ultimate steel stress is represented in Figs. 19a and 19b as 
a function of P/klk3f~. The line on these graphs which represents the 0.2 
percent offset stress, intersects the various ultimate steel stress curves 
at the limiting values of P/klk3f~. 
The limit between shear and flexural failures is shown graphically 
I 
in Figs. 30 and 31. Figure 30 is a plot of Q vs.fse ' and Fig. 31 is a plot 
of k vs. f 
u se 
Both figures include lines based on the 0.2 percent offset 
stress which represent the assumed division between flexure and shear failures 
for both types of steel used in the investigation. It can be seen that the 
dividing line is not affected greatly by the differences in the two types of 
steel. Beam£ which fall above the line should fail in shear and the beams 
falling below the line should fail in tension. In addition to the beams of 
this investigation, there were a few similar beams in the flexure investi-
gation which did not have stirrups and which failed in tension. They are 
also represented in Figs. 30 and 31. 
Two beams, 8-2 and S-21, failed in' flexure when the theory predicted 
they should fail in shear. One possible explanation of this phenomenon is 
that for some reason diagonal tension cracks did not develop to the extent 
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that was expected. This was especially true in S-21; horizontal cracks 
developed at the level of the steel and progressed towards the supports, re-
lieving the tension in the concrete near the bottom of the beam and thus 
preventing the development of new cracks in the region of shear. If the beam 
is not weakened by diagonal tension cracks it does not fail in shear. In 
beam S-2, several cracks were present in the regions of shear, but for some 
unexplainable reason these cracks were not inclined as much as would be ex-
pected from computing the direction of the principal tension stresses, this 
caused a distribution rather than a "concentrationl1 of rotation and strain 
in the region of shear and allowed the beam to fail in tension. 
Two other beams, S-13 and S-17, failed in flexure also. Both of 
these beams had effective prestresses of about 140,000 psi. and neither of 
them developed diagonal tension cracks. It is reasonable to assume that 
the effective prestress can be increased to a value at which only tension 
failures can occur. For example, for a beam with a very high prestress, 
the reinforcement may become inelastic when the beam first cracks and the 
beam may develop its full flexural ultimate load before the formation of 
diagonal tension cracks. The value of this critical prestress above which 
shear failures will not occur cannot be predicted by any of the equations 
which have been developed. The theory which was developed in Chapter III 
is based partly on the assumption tbat failure occurs when the strain in 
the concrete reaches some limiting value and the concrete crushes. This 
limiting value of eu was found from the flexure series of tests to have an 
average value of about 0.0034. Flexure failuresoccur when ~ results from 
pure flexure deformation, and shear failures occur when ~ results from 
combined sbear and flexure deformations. If a shear failure occurs, crushing 
starts at the same value as for a flexure failure. However, it can be seen 
in Fig. 29 that KEu is considerably less than 0.0034. The quantity KEu 
was computed for all of the beams tested and the concrete strain in the 
region of pure flexure was measured with electric strain gages. In Fig. 32, 
the average concrete strain in the region of pure flexure at ultimate load 
is plotted against K~. Although a considerably amount of scatter exists 
in the data, it can be seen that when KE approaches 0.0011, the concrete 
u 
strain in the region of pure flexure approaches the critical value of 0.0034. 
According to Eq. (13), a value of KEu equal to 0.0011 corresponds to an 
effective prestress of 130,000 psi. Thus it can be assumed, that for the 
type of beams tested, shear failures do not occur when the effective prestress 
is greater than about 130,000 psi. More tests of beams with high prestresses 
are required to establish this value more definitely. 
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V. ULTIMATE LOAD CALCULATIONS FOR ORDINARY REINFORCED CONCRETE BEAMS 
The method developed in Chapter III for calculating the ultimate 
load for beams failing in shear should apply as well to beams of ordinary 
reinforced concrete as to prestressed concrete beams. The equations are 
Simpler for ordinary reinforced concrete because the terms relating to the 
prestress reduce to zero. 
In order to test the theory for ordinary reinforced concrete, a 
survey was made of the literature for data on simple beams failing in shear. 
Twenty-seven beams without web reinforcement and 55 beams with web reinforce-
ment were found that failed in shear. The test data for these beams are 
given in Table 10. 
The ultimate load expressions were developed on the assumption 
that the depth to the neutral axis at ultimate load could be computed. In 
the tests of the prestressed concrete beams, this depth was measured. The 
following empirical formulas, for klk3 and for KEu derived from these and 
other measured data, provide substantial agreement between measured and com-
puted depth to the neutral axis: 
-4 t klk3 = 1·500 -0.715 x 10 fc 
K€u = 0.00040 + 5 x 10-9 f . se 
(11) 
Other combinations of expressions for klk3 and Keu could be found which 
would satisfy either the depth to the neutral axis or the ultimate moment, 
but not both simultaneously. 
Equation (11) indicates that klk3does not vary with the prestress, 
and it was felt that the same expression could be used in computing the 
ultimate load for ordinary reinforced concrete beams failing in shear. The 
depth to the neutral axis was not reported with the data found for ordinary 
reinforced concrete beams, making it impossible to develop a better ex-
pression for kl k3-
Equation (13) indicates that Keu should be 0.00040 for beams 
with no prestress. The ultimate moment for ordinary reinforced concrete 
beams failing in shear was computed from the following equation: 
(4) 
where 
. . -' 
K1K3r c 
and f was obtained from Eq. (7) modified to omit the terms relating to 
su 
prestress. In the solution of Eq. (7), the equation for the elastic portion 
of the stress-strain diagram, fsu = EsEsu' was used since shear failures 
occur while the stress in the reinforcement is below the yield point. The 
quantity klk3 was determined from Eq. (ll). It was found that a value of 
0.00040 for KEu produced calculated moments considerably in excess of the 
measured moments for beams with no web reinforcement. By plotting 
MUlt/klk3f~bd2 vs. Q' for various values of KEu' the best agreement, for 
ordinary reinforced concrete beams without web reinforcement, was found 
for KEu = 0.00020. Further, this quantity was found to increase in the 
following manner for beams with web reinforcement: 
KEu ::: 0.00020 + 0 .. 05r 
A 
where, r = -Y ratio of web reinforcement, 
sb' 
Av = area of two single stirrups at a cross-section, 
(15 ) 
s = stirrup spacing, measured normal to the direction of the stirrups, 
b = width of the beam. 
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The values of KEU' determined by the empirical method described, are plotted 
as a function of the ratio of web reinforcement, r, in Fig. 33. No shear 
failures were found in simple beams with ratios of web reinforcement greater 
than about 1.2 percent. For this reason Eq. (15) is not valid for r greater 
than this value. Beams with ratios of web reinforcement greater than 1.2 
percent have been tested, but all those, which were considered in this in-
vestigation, resulted in flexure failures. 
It appears that the effect of the ratio of web reinforcement, r, 
and the e~fective prestress, fse' on the mode of failure of simple beams is 
similar. As either of them is increased, the depth to the neutral axis at 
ultimate load, and thus the ultimate load, is increased for a beam with given 
properties. The increase in depth to the neutral axis is brought about by 
the restraint against development of diagonal tension cracking which the 
presence of web reinforcement and prestress impose on the beam. It has been 
pointed out previously that a shear failure occurs when the diagonal tension 
cracks develop to a greater height in the beam than do the pure flexure cracks. 
It was learned from the tests on prestressed concrete beams that for a beam 
t 
with a given ratio, p/klk3fc' the difference in beight between diagonal 
tension cracks and pure flexure cracks at ultimate load decreases as the 
effective prestress in the steel is increased; the mode of failure for such 
a beam changes from shear to flexure when the effective prestress reaches 
the critical value at which the diagonal tension cracks and pure flexure 
cracks have the same height at ultimate load. Furthermore, it appears that 
the prestress can be increased to a value at which a flexure failure will 
occur before the formation of diagonal tension cracks in a beam with any ratio 
of p/klk3f~. Above this value of prestress, shear failures do not occur. 
In the writer's opinion, a similar phenomenon is caused by the presence of 
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web reinforcement in an ordinary reinforced concrete beam. As web reinforce-
ment-is added to a beam-with a given piS k3i'~, the difference in height 
between dIagonal tension cracks and pure flexure cracks at ultimate load de-
creases, and the mode of failure changes from shear to flexure when the ratio 
of web reinforcement reaches the critical value at which diagonal tension 
cracks and pure flexure cracks have the same height at ultimate load. 
Furthermore, it appears that when the percentage of web reinforcement is in-
creased above a value of about 1.2 per·cent in a simple beam of ordinary 
reinforced concrete with one or two symmetrically placed loads, the opening 
of diagonal tension cracks is so restrained that a flexure failure will occur 
in a beam with any ratio of p/klk3f~. The prinCipal difference between the 
effects of prestress and web reinforcement on the shear deformation of the 
type of beam discussed is that prestress increases the load at which diagonal 
tension cracks develop and probably hinders their subse~uent development, 
whereas web reinforcement keeps the diagonal tension cracks from opening 
very wide, thus hindering their development, but does not change the load 
at which they will occur. 
The dividing line between shear and flexure failures for ordinary 
reinforced concrete beams can be defined by the ultimate steel stress which 
is less for shear failures than for flexure failures except for beams on the 
dividing line~ If the theoretical value for the flexural ultimate steel 
stress is substituted into the expression for the ultimate steel stress in 
a shear failure, the ratio of web reinforcement, E, can be found at which 
the mode of failure for a beam with a given ratio, p/klk3f~, and yield 
strength steel, will change from shear to flexure. The limiting steel stress 
for flexure failures is assumed to be the yield stress, f. If f is sub-y y 
stituted for fsu in Eq. (7), the expression for the ultimate steel stress 
for shear failures, and if the strain at first yielding, 
€.,.p = f IE , is 
:t y s 
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substituted for Esu in Eq. (7), the following result is obtained: 
(16) 
If K€ is obtained from Eq. (15), Eq. (16) may be rewritten in terms of Q 
u 
as follows: 
, 
Q = Es (.00020 + .05 r) = ------------------------
ry (~ + .00020 + .05 r) 
, f 
, 
from which r = 
~ ( -l + 000020) - .00020 
Es- Es 
Q'f 
.05 (1 - _y) 
(17a) 
Es 
Equations (17) and (17a) are not valid for ratios of web reinforcement 
greater than about 1.2 percent and apply only to simple beams with one or 
two symmetrically placed loads. 
, 
The term, SL, found from Eq. (17) is 
plotted as a function of X in Fig. 34 for various values of the yield stress, 
f . y 
, 
The lines represent values of 5L ' and! which should result in balanced 
shear and flexure failures for beams with various yield strength steels. 
Beams above the lines should fail in shear and those below the line in 
flexure. It can be seen that as the elastic range of the steel is increased 
the range of shear failures increases and the range of flexure failures 
decreases. 
Figure 35 shows the relationship between MUlt/klk3f~bd2 and g' for 
beams with various percentages of web reinforcement. It can be seen that for 
low values of ~t a tension failure will result without any web reinforcement, 
and as Bt increases, the mode of failure may be either shear or flexure de-
pending on whether the ratio of web reinforcement is above or below its 
critical value. 
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The test results for ordinary reinforced concrete beams failing in 
shear are tabulated in Table 10 and are represented graphically in Fig. 36, 
where Multi klk3f~bd2 is plotted as a function of ku = fsuP/klk3f~. The theo-
retical values_ of f are shown in Fig. 37 where f is plotted as a function 
su su 
of p/klk3f~ for various ratios of web reinforcement. The following form of 
Eq. (7), modified for zero prestress and for the slope of the stress-strain 
diagram of the steel, was used to compute the values of f in Fig. 37: 
su 
f = su 
The terms kl k3
and K€u were determined from empirical Eqs. (11) and (15) 
respectively 0 The ratio MUlt-meas.IMult-comp. for the beams considered is 
1.021 and the standard deviation is 0.10. 
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VI • RECOMMENDATIONS FOR FUTURE TESTS 
One of the objects of this investigation was "to establish a basis 
for future tests involving additional variables fl • The tests which were made, 
were limited in the following ways: (1) no web reinforcement was provided; 
(2) all beams were simply supported; (3) only concentrated loads were used; 
(4) only minor variations were made in the depth of the beam; (5) although 
four of the beams had an I-cross section, they did not serve to establish 
definite knowledge about the effect of variations in cross section; (6) 
although two different types of reinforcement were used, they had essentially 
the same elastic properties; and (7) all of the beams had bonded reinforce-
mente 
30. Dividing Line Between Shear and Flexure Failures. 
In this first series of tests, an attempt was made to establish 
the dividing line between shear and flexure failures, for the type of beam 
tested, at various effective prestresses in the steel, and an analytical 
method was developed in Section 29 for establishing this dividing line. 
This theoretical dividing line for the two types of steel used in the in-
vestigation is illustrated in Figs. 30 and 31. Included in these figures 
are results for the beams which were tested. It can be seen that the 
theoretical dividing line has not been checked experimentally at low pre-
stresses, since no beams were tested with ratios, P/klk3f~, -close to the 
critical value at low prestresses. 
It would be well worth while to test additional beams with no 
t 
prestress and to vary g from 15 downward until an initial tension failure 
is obtained. The steel in these beams should be provided with end anchorages 
and should be well rusted to prevent bond failures. In order to be able to 
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compare these beams with the majority of the others which have already been 
tested, they should have the same dimensions and should be loaded at the 
third points. 
310 I-Beams. 
As previously mentioned, the four I-beams which were tested 
produced inconclusive results since three of them failed by bond. An 1-
beam with a flange width and a depth equal respectively to the width and 
depth of a rectangular beam has a smaller moment of inertia and consequently 
deforms differently under load than the rectangular beam. Since the ultimate 
load expression for a beam failing in shear has been established on a theory 
of ultimate strains (or deformations)} a change in the cross section should 
change the ultimate load at which a beam will fail in shear. The test re-
sults of beam S-38 substantiate this theory, but more tests _are required to 
establish the full effect of a change in the shape of the cross section. 
Since I-beams are used in practice more commonly than rectangular 
beams, and since they appear to be more vulnerable to shear failures, a 
further study of their behavior is desirable. An inspection of the equations 
involved in calculating the ultimate capacity of prestressed concrete beams, 
Eqs. (3b), (4), and (7), shows that the only term which cannot be corrected 
analytically for a change in shape of cross section, is the empirical term 
KEu. Equation (13) shows that, for the rectangular beams tested, KEu varies 
linearly with the effective prestress. The same is probably true for 1-
beams, but in addition KEu is believed to vary in some manner with the degree 
of reduction in cross section. 
Much additional information could be gained by testing a series of 
beams having ratios of web thickness to flange width of 1/3 and 2/3. It 
would be desirable to divide this series of beam tests into groups according 
to effective prestress, such as fse = 0, 60,000, and 120,000 psi; and to vary 
i 
.s... randomly but in such a manner-.that ._.some _of_the beams are nearly balanced 
be-tween- shear and flexure failures. Precautions should be taken to prevent 
bond failures as a result of diagonal tension cracking. Enough beams should 
be tested so that the variation in KEu with prestress and various degrees of 
reduction incross section can be established. 
32. Web Reinforcement. 
The tests on rectangular beams established conclusively that pre-
stressed concrete beams without web reinforcement are vulnerable to shear 
failures. Because of the severity and abruptness. with which shear failures 
sometimes occur, and because shear failures prevent the full development of 
the flexural capacity of the concrete and steel, it is considered desirable 
to prevent them, if possible . 
Shear failures can be prevented or retarded by providing web rein-
forcement in the beam. Web reinforcement may consist of ordinary mild steel 
stirrups, prestressed high strength steel stirrups, curved cables, or bent-
up bars. Probably the most common of these are the mild steel stirrups, and 
the most uncommon are the prestressed stirrups. Prestressed, external, clamp-
on stirrups were used to prevent shear failures in the flexure series of 
tests on prestressed concrete beams conducted by D. F. Billet (20). However 
it is doubtful if any type of prestressed stirrups would be commercially 
practical 0 Curved cables provide excellent web reinforcement because they 
impart a precompression to the concrete which counteracts the diagonal 
tension due to external loads. However, it is not always practical to 
curve the longitudinal reinforcement, and in beams which do have curved 
cables they may not cover the entire shear span of the beam. It seems 
reasonable then, that ordinary mild steel stirrups provide a logical form of 
web reinforcement since they have been used effectively for many years in 
ordinary reinforced concrete beams. Their effectiveness may be increased 
when supplemented with curved cables. 
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An extensive series of tests would be re~uired t·o determine the 
effect of web reinforcement on the mode of failure and the ultimate load 
carrying capacity of beams. In Chapter V, the effect of stirrups on the 
ultimate capacity of ordinary reinforced concrete beams was taken into 
account by an empirical relationship for the term KEu . E~uation (15) shows 
that KEu increases with an increase in web reinforcement. This reflects an 
increase in the depth to the neutral axis at ultimate load, which is logical. 
The extent to which KEu can be increased by the use of web reinforcement is 
not clear and should be established by tests. There is certa~nly some 
practical limit to the amount of web reinforcement that can be put into a 
beam. Whether or not this limit would be sufficient to transform all shear 
failures to flexure failures is not known. This series of tests should be 
planned so that the percentage of longitudinal steel, g; the percentage of 
web reinforcement, !; the concrete strength, f~; the effective prestress, 
fse; the shear span, ~; the depth of the beam,.~; the span o~ the beam, ~; 
and the shape of the cross section are varied systematically. It is con-
ceivable that hundreds of tests would be required to answer fully all of 
the ~uestions which might be asked about the ultimate strength and behavior 
under load of prestressed concrete beams which fail in shear. 
On the other hand, much could be learned about the ultimate 
strength by establishing quantitatively the relationship of KEu with these 
variables by testing about sixty beams and combining some of these variables 
into a lesser number of parameters. Since the main ob-ject of this series of 
tests would be to determine the effect of web reinforcement, the percentage 
of web reinf'orcement should be varied systeTIlat·iGall;~ f'r01Il zero to the 
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I 
maximum amount that can effectively be put in the beam, while a/d~p/fc' and 
f are systematically varied over the ranges which will produce shear fail-
se 
ures. The tests could be conducted on beams all of the same size if the 
dimensions were large enough not to indroduce a size effect. The effect of 
the shape of the cross section can be found from the tests on the I-beams 
without weD reinforcement, but a few beams of different cross section should 
be tested with web reinforcement to see if the effect is the same. 
33. Restrained Beams. 
Simply supported beams, with two symmetrically placed concentrated 
loads, failing in shear have only one mode of failure. That is destruction 
of the compression zone over diagonal tension cracks near the section of maxi-
mum moment and maximum shear. Restrained beams with concentrated loads have 
more than one danger zone or possible section where failure may occur. Also, 
the formation of cracks may have a more serious effect on the subsequent action 
of a restrained beam than on a simple beam. 
A serieS of tests is needed to study restrained beams in which the 
f 
variables are p/fc ' aid, r, and fse- The tests should b~ planned so that 
comparisons can be made with the results of simply supported beams_ In the 
writer's opinion the complexity of this problem is such that the range of the 
variables cannot definitely be stated until a better knowledge is obtained of 
the modes of failure. Although a rough outline of tests of restrained beams 
could be planned from present knowledge, it would necessarily be refined, 
modified, and perhaps materially changed as the testing program progressed; 
34. Uniformly Distributed Loads. 
Most of the concrete beams tested, have been tested with concentrated 
loads. In simply supported beams with either one or two loads, the maximum 
shear and moment occur at the same section. A simply supported beam with a 
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uniformly distributed load has its maximum-moment at the sect-iun of zero 
shear, and its maximum shear at the section of zero moment. In between 
these two sections, the ratio of shear to moment is constantly changing. 
I It appears likely that the range of the ratio, p/fc ' over which shear 
failures will occur will be reduced in a beam with a uniformly distributed 
load. The formation and propagation of diagonal tension cracks may be 
different from that for beams with concentrated loads because of the diff-
erent moment to shear ratio and because the shear span to depth ratio (a/d) 
has no meaning. 
Although it may be difficult to attain a condition of uniformly 
distributed load on a beam, it would be desirable to conduct a series of 
tests on uniformly loaded simply supported beams to establish the con-
ditions, if any, which will cause the beams to fail in shear, and to develop 
an expression for KEu which can be used to define the depth to the neutral 
axis at ultimate load. It would be desirable to begin the test series with 
beams without web reinforcement; when the range of shear failures is es-
tablished, tbe effect of web reinforcement can be found. In addition to 
varying p/f~, r, and fse' the ratio of the total span to the depth of the 
beam, L/d, should be varied. Because of a lack of knowledge of the mode of 
failure of beams with uniformly distributed loads it would be necessary to 
design the beams as the testing program progressed. 
35. Stress-Strain Characteristics of the Reinforcement. 
The expressions which have been developed for computing the ultimate 
capacity of beams failing in shear make use of the ultimate stress and strain 
in the steel. It appears to be possible to take account of different types of 
steel analytically if the stress-strain relationship for the steel is known. 
In order to check this theory a few DeaIDB could be tested with a different 
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type of reinforcement than that used in the remainder of the tests. A 
stranded cable would be suitable since it has a lower modulus of elasticity 
than the individual wires. Some of the beams should be designed to be 
nearly balanced between shear and tension failures since the principal effect 
of steels with different stress-strain characteristics is to change the 
dividing line between the two modes of failures. 
36. Depth of Beam. 
The rectangular beams which were tested were 6 by 12-in. in cross 
section and were thought to be large enough to be considered as full-scale 
members. It is possible, however, that the terms klk3 and K€u vary with the 
depth of the beam. In the writer's opinion, if this variation exists, it is 
only of minor magnitude. Furthermore, the scatter which exists for these 
quantities is large and may obscure any minor variations which exist. 
In view of these facts, it is not recommended that any extensive 
series of tests be conducted for the purpose of investigating the effect of 
the depth of the beam on the empirical quantities. It is recommended that 
in any future tests an effort be made to measure or determine from the test 
results, the two quantities klk3 and KEu' and to correlate any differences 
which may exist with variations in dimensions, method of loading, and mode 
of failure as well as the major variables such as concrete strength and 
prestress. 
37. Unbonded Beams. 
Only bonded beams have been proposed because they are more vulner-
able to shear failures than unbonded beams. A beam in which the longitudinal 
steel is completely unbonded and makes no contact with the beam except at the 
point of anchorage may not be susceptible to shear failures. It appears that 
such a beam may develop only one major crack in the region of maximum moment 
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because there is no bond between the steel and the concrete to distribute 
the stresses along the beam. Most of the rotation in the beam occurs at this 
crack and the beam fails when the concrete strain over the crack reaches some 
limiting value and the concrete crushes. The tension strains in the steel are 
uniformly distributed over the entire length of the beam and the compression 
strains in the concrete are nconcentrated" in the region over the crack. This 
sharply decreases the range of p/f~ for which tension failures occur and in-
creases the range for compression failures. As the length of the beam 
increases, tension failures become less probabl~ and compression failures 
become more probable. Without the formation of diagonal tension cracks, shear 
failures will not occur. 
Beams in which the reinforcement is unbonded but makes contact with 
the concrete may behave like a partially bonded beam after some deflection has 
occurred because the strains in the steel may be transferred to the concrete 
through friction. If the friction is sufficiently large, diagonal tension 
cracks can form and failure by shear becomes a possibility. The degree of 
bond which can exist in these "unbonded" beams is very uncertain and at the 
present stage of development of prestressed concrete it is not recommended 
that a series of tests be conducted to determine the shear strength of un-
bonded beams. 
38 • Summary. 
In summary, the writer wishes to point out that a rational procedure 
has been developed for computing the ultimate strength of prestressed concrete 
beams failing in shear, which makes use of an empirical method of finding the 
depth to the neutral axis at ultimate load. However, our present state of 
knowledge about how the depth to the neutral axis varies is far from complete. 
The following tests have been suggested to improve this situation: 
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(1) A few tests on rectangular beams with no prestress and no 
web reinforcement, to check the method of predicting ~he dividing line 
between shear and flexure failures for this type of beam. 
(2) A series of tests of I-beaIDB without web reinforcement to 
determine the effect on the ultimate load and mode of failure caused by 
changes in cross section. 
(3) A series of tests of beams with web reinforcement to determine 
the effect on the ultimate load and mode of failure caused by the addition of 
web reinforcement. 
(4) A series of tests on restrained beams to determine the modes 
of failure and to modify, if possible, the procedure for computing the ulti-
mate load developed for simple beams to include restrained beams. 
(5) A series of tests on simple beams with uniformly distributed 
loads to determine the effect on the ultimate load and mode of failure of a 
uniform load in contrast to one or two symmetrically placed concentrated loadso 
(6) A few tests on beams using different types of reinforcement to 
determine any effects on the empirical variables used in computing the ulti-
mate load, and to check the method of predicting the dividing line between 
shear and flexure failures. 
No tests were recommended for the specific purpose of determining 
the effect of the depth of the beam; no tests were recommended at the present 
time for the purpose of determining the ultimate shear capacity of unbonded 
beams. 
The exact range of variables in these tests has not been stated, 
since to do so would be presumptious; it would suggest a more complete know-
ledge than actually exists. The range of variables can best be determined 
as the testing program progresses. 
VII. SUMMARY, RECOMMENDATIONS, AND CONCLUSIONS 
39. Summary. 
The objects of this investigation were stated to be the following: 
1. To determine the modes and characteristics of shear failures 
in simply supported prestressed concrete beams reinforced for longitudinal 
tension stresses only. 
2. To determine the effect of the following variables on the 
ultimate shear strength: 
a. concrete strength 
b. amount of longitudinal steel 
c. ratio of shear span to depth of beam 
d. prestress in the steel 
e. size of grout core in post-tensioned beams 
3 . To determine the difference, if any, between the modes of 
failure for rectangular beams and I-beams. 
4. To increase our knowledge of the ultimate strength of pre-
stressed concrete beams failing in shear. 
5. To establish a basis for future tests involving additional 
variables. 
A total of thirty-eight beams was tested. Thirty-four of the beams 
were rectangular in cross section with overall dimensions 6-in. by 12-in. by 
10 ft. O-in. long, and four of the beams had an I-cross section with the same 
overall dimensions. The I-beams and two of the rectangular beams were pre-
tensioned and all others were post-tensioned and grouted. The I-beams and 
twenty-three of the rectangular beams were loaded at the third points on a 
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9-ft span; seven "of""-the rectangular beams were loaded at the center point 
on a 9-ft" span; and four of the rectangular beams were loaded with two 
equal loads each placed 2 ft from the supports on a 7-ft span. The main 
variables in these tests were the concrete strength, the percentage of 
longitudinal tension reinforcement, the prestress in the steel, and the 
ratio of shear span to depth of beam. 
The-tests have been described, and the test results have been 
presented in both-tabular and graphical form. 
A rational analysis has been developed for computing the ultimate 
strength o:f prestressed concrete simply-supported beams failing in shear. 
It is based on the fact that the mode of failure is crushing of the concrete 
over diagonal "tension cracks . It makes use of an empirical method of calcu-
lating the depth to the neutral axis at ultimate load. The form of. the 
equati.onsis valid for beams with or without web reinforcement. 
40. Recommendations. 
An extensive test program has been recommended which was designed 
to provide the following information: (1) a check on the method which was 
developed :for predicting the ultimate load for beams failing in shear and 
the method of finding the dividing line between shear and flexure failures; 
(2) further information on the ultimate shear strength of simply-supported 
I-beams without web reinforcement; (3) a knowledge of the modes of failure 
and ultimate shear strength of beams with web reinforcement; (4) a knowledge 
of the modes of failure and ultimate shear strength of restrained beams; and 
(5) a knowledge of the modes of failure and ultimate shear strength of 
simple beams with uniformly distributed loads in contrast to beams with one 
or two symmetrically placed concentrated loads. 
410 Conclusions. 
The following conclusions are based on the test results for the 
thirty-eight beams and the studies which are presented in the body of this 
report: 
10 The presence of shear in a simple beam of prestressed concrete 
has the effect of causing diagonal tension cracks. Three modes of failure 
are possible in this type of beam: (a) For beams with low values of p/f', 
c 
the pure flexure cracks will develop faster than the diagonal tension cracks, 
the steel will yield in the region of pure flexure, and final-failure will 
occur by crushing of the concrete above the flexure cracks. This mode of 
failure is called an initial tension failure with a secondary compression 
failure. (b) r For the beams with higher values of p/fc' the diagonal tension 
cracks develop faster than the pure flexure cracks, and final failure will 
occur by crushing of the concrete above the diagonal tension cracks before 
the steel yields. This mode of failure is called a shear failure; it occurs 
at a load lower than the flexural capacity of the beam. (c) At any stage 
during the loading of the beam, the bond between the concrete and the steel 
can fail. If the steel has an end anchorage, further slip of the reinforce-
ment will be prevented when the bond has finally failed to the end of the beam; 
if there is no end anchorage, the beam will collapse when the bond fails since 
there is no way of transferring the tension from the concrete to the steel. 
The formation of diagonal tension cracks increases the bond stresses which 
must be developed because these cracks shorten the distance to the end of the 
beam over which all of the tension in the steel must be developed. From an 
inspection of the beam, it is sometimes difficult to differentiate between a 
shear failure and a bond failure unless some method has been devised to measure 
the slip in the reinforcement. 
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2. The ultimate shear strength for the beams tested increased 
i 
with the concrete strength, fc; the percentage of longitudinal steel, p; 
the ratio, p/f~; and the effective prestress in the steel, f se . The beams 
were found to fail at some limiting moment, regardless of the ratio of shear 
span to depth of beam, and not at some limiting shear. The grout core in 
the post-tensioned beams appeared to have no effect on the ultimate strength 
of the beams in spite of its rather large size. 
3. Three of the four I-beams tested failed in bond shortly after 
the formation of diagonal tension cracks; the fourth I-beam had the same 
mode of shear failure as the rectangular beams. It appears, however, that I-
beams will fail at lower loads than rectangular beams because their lower 
moment of inertia and thin webs reduce the cracking loads and increase the 
subsequent deformations in the beam. Given a rectangular beam and an I-
beam with otherwise identical properties, the deformations and strains will 
be greater in the I-beam than in the rectangular beam for any given load. 
Since failure occurs by crushing of the concrete at some limiting strain, 
the I-beam will fail at a lower load. 
4. Since the beams failed by crushing of the concrete while the 
steel stresses were still in the elastic range, a formula similar to that 
for flexural compression failures was used to compute the ultimate load. The 
failures d;~fered from compression failures in that crushing occurred over 
diagonal tension cracks rather than over pure flexure cracks, and the depth 
of the compression zone at ultimate load was less over the diagonal tension 
cracks than over the flexural cracks. The ultimate load formula for these 
shear failures differs from that for flexural compression failures in that 
the depth to the neutral axis (or the depth of the compression zone) at 
ultimate load is expressed empirically. 
5. The depth to the neutral axis at ultimate load, and thus the 
ultimate load, was found to increase with the effective prestress in the 
steel as well as with p and f'. A study of ordinary reinforced concrete 
c 
beams with web reinforcement indicates that the depth to the neutral axis 
increases linearly with the percentage of web reinforcement. 
6. A study of ordinary reinforced concrete simple beams indicates 
that their ultimate shear strength can be expressed by the same type of 
formula as was developed for the prestressed concrete bea~s. 
( 1) 
(2) 
(4) 
(6) 
(8) 
(9) 
(10) 
(11) 
(12) 
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Concrete 
Strength *Type of Width 
Mark t Reillforce-
f rnent b 
c 
psi in. 
S-l 3620 I 6.00 
8-2 3660 I 6.00 
S-3 4290 I 6.00 
8-4 3085 I 6.00 
8-5 6260 I 6.00 
S-6 7990 I 6$00 
5-7 3550 I 6.00 
S-8 6120 I 6.13 
8-9 4760 I 6.00 
S-10 5790 I 60 00 
S-ll 2580 I 6.00 
8-12 4760 I 6.00 
8-13 4840 I 6.00 
S~14 4660 I 6.00 
S-15 2890 I 6.00 
S-16 3530 I 6.00 
S-17 3350 I 6.00 
S-18 4150 I 6.00 
S-19 3850 I 6.00 
~~ABLE 1 
PROPERr:lES OF SPECIMENp 
Effectivj9 Area. of Longite 
Depth Steel Reinf tll 
d A p 
s, 2 
in. in,o % 
9.16 0.176 0.320 
9.28 0.176 0.316 
9.38 0.176 0.312 
8.00 0.1.40 0.916 
8.30 0.,)f40 0.883 
8.20 0.)f40· 0.893 
8.44 0.,if40 0.868 
8.20 0.,381 0.758 
8.20 0.J81 0.774 
8.20 0.,381 0.774 
8.80 0.,176 0.333 
8.20 0.,381 0.774 
8 0 20 0.,381 0.774 
8.20 o .,~352 00715 
8.35 0.,176 0.351 
8.06 0.,176 00364 
8.81 0.,.352 0.,665 
8.,31 0.,234 0.470 
8 .. 38 0 .. 176 0.350 
Effective 
Prestress 
fse 
psi 
10000 
50000 
24000 
116000 
103400 
110000 
104300 
5000 
56800 
72000 
36100 
30400 
140000 
131400 
88000 
8911-00 
136000 
59000 
60000 
'"' 
at <lL _krs:-w::!r: ~' . 
Shear Beam 
Span Span 
a L 
in. ft • 
.• ~
36 9 
36 9 
36 9 
36 9 
36 9 
36 9 
36 9 
36 9 
36 9 
36 9 
36 9 
36 9 
36 9 
36 9 
36 9 
36 9 
36 9 
36 9 
36 9 
'-0 
o 
o 
TABLE 1 (conttd) 
!~PERTIFS OF SPECIMENS 
Concrete 
Strength *Type of Width Ef'fective Area of Longit. Effective Shear Beam 
Mark 1 Reinforce- Depth Steel Reinf. Prestress Span Span 
fo ment b d As p f se a L 
psi in. in. in. 2 % psi in. ft. 
S-20 5350 I 6.00 8.45 0.176 0,,347 61200 36 9 
5-21 6220 I 6.00 8.24 0.440 0.889 116000 54 9 
8-22 5630 II 6.00 8.12 0.467 0.958 59100 54 9 
8-23 4360 II 6.00 8.02 0.373 0.776 124500 54 9 
8-24- 2900 II 6.00 8.41 0.467 0 .. 924 116000 54 9 
8-25 2900 II 6.00 8.44 0.249 0.491 114000 54 9 
8-26 3130 II 6.00 8.95 0.218 0,,405 58900 54 9 
S-27 3350 II 6.00 8.45 0.156 0.3(f/ 61100 54 9 
S-28 3470 I 6.00 8.80 0.147 0"z/7 58900 36 0 / 
S-29 3320 II 6.00 8.53 0.311 0.,608 117000 24 7 
S-30 3350 II 6.00 8.50 0.249 0~488 118000 ?4 7 
8-31 2440 II 6.00 8.42 0.280 00554 117900 24- 7 
8-32 3350 II 6.00 8.35 0.218 0.435 117000 24- '/ 
8-33 3400 II 6.00 8.60 0.311 0.60,3 108310 36 9 
8-34 5800 II 6.00 8.64 0.311 0.600 114000 36 9 
8-35 2890 II 6.20 9.50 0.249 0,,422 101100 36 9 
8-36 4620 II 6.20 9.85 0.373 Oe611 88800 36 9 
8-37 2390 II 6010 9.69 0.187 0.,316 115540 36 9 
8-38 5310 II 6.00 9.69 0,,1$7 0.321 113670 36 9 
.. ~~~,_o(~ .. ~=-=_ -..o<.-t7.,,-,,,".~~...1 
* 
Type I Reinforcement 
-
American Steel and Wire stress relieved~ patented~ end 
--D 
straightened wire of 0.192 in" nominal diame'tero l-...\ 
Type II Reinforcement - Roebling acid steel, stress relie'Ved!i patented, ELnd U11.= Q 
unstraightened wire 00196 ino nominal diametero 
920 
TABLE 2 
SIEVE ANALYSIS OF AGGREGATES 
SAND 
lot Percentage Retained on Sieve No o Fineness 
4 8 16 30 50 100 Hodulus 
3 705 9.6 4105 70.3 9002 97&5 3.,17 
4 0.9 13&6 42.9 72,,7 92,,5 9804 3 .. 21 
5 3.2 19.2 40.6 73.9 9449 9903 3031 
6 2.2 14.6 37.6 75.4 94.6 99,,5 3024 
7 1.6 1l.4 40.5 68.6 91.7 9707 3,,11 
GBAWL 
Lot Percentage Retained on Sieve No. Fin-eness 
11/2 3J4 3/8 4 8 16' Modulus 
3 0 37.6 85.4- 98.5 99.4 99.8 
4 0 52.8 95.2 99.1 99.3 99.4 
5 0 17.9 66.7 93.3 
6 0 47.1 " 91.5 99.4 99.5 99.5 
PEA GRAVEL 
Lot Percentage Retained on Sieve No. Fineness 
3/8 4 8 16 30 50 Modulus 
1 7.5 95.4 98.3 98.6 98.8 99.1 
GBDUT SAND 
Lot Percentage Retained on Sieve No. Fineness 
4 8 16 30 50 100 Modulus 
1 0 1 1 1 87 100 1090 
TABLE 3 
PROPERTIES OF CONCRETE Mll'I'(JRES 
Beam Cem.: Sand: Gravel Water Slump Concrete AKe. 
by weight Cement in .. Strength 
I 
f Days c. 2sJ. 
Batch Batch Batch 
I. II I II I II 
S-l 1:400:5.6 ,082 ,,82 2 J/2 2 3620 2800 40 
S-2 1:4.0:.504 1000 ,,96 3 i/2 1 3660 3665 41 
8-3 1:4.0:505 087 .90 1 1/2 2 3510 4290 70 
8-4 1:3.9:504 091 ~93 5 1/2 1 3755 3085 53 
S-5 1:2.7:4 0 2 ~71 s69 2 1/2 6279 6260 65 
S-6 1:1.62209 ,,44 .44 ,3 1/2 5 1/2 7367 7990 68 
S-7 1:3.9:5.5 s93 ,,93 5 7 3350 3550 30 
8-8 1:2ct7:4.0 .64 .64 1/2 1/2 5770 6120 32 
8-9 1:2.,9:40 1 068 068 1 1/2 5 4910 4760 28 
S-10 1:2,,9:40 1 099 .69 2 2 1/2 5440 5790 31 
S-11 1:3e9:505 091 091 6 1/2 6 2880 2580 27 
S-12 1:3.0:4.2 .67 fl67 2 6 4460 4760 ,32 
8-13 1:3.0:4e2 .70 .65 3 2 1/2 5190 4840 35 
S-14 1:300:40.3 '169 .64- 2 .3 4360 4660 35 
S-15 1:4,,0:5,,5 .84 .84 6 6 3940 2890 32 
S-16 1:400~5.5 .,86 .79 5 1/2 5 1/2 3370 3530 42 
S-17 1:400:5.5 .97 .92 1 2 1/2 3440 3350 32 
8-18 1:3,,9:5.3 090 ,,86 5 5 3525 4150 38 
S-19 1:3.9:5.3 .86 &83 .3 1 .3350 3850 40 
S-20 1:307:5.3 086 .80 J/2 1/2 4200 5350 37 
8-21 1:2.6:389 .61 059 1 J/2 1 1/2 5870 6220 39 
8-22 1:2.73309 .64 .,61 5 4 5770 5630 39 
8....23 1:3(J8:5~3 ,,89 \986 11/2 2 4150 4360 39 '-.0 
3-24 1:,3.9&5,,5 .93 090 2 2 1/2 2770 2900 32 'vJ 0 
S-25 1:4.9&504 Q95 ,,92 3 11/2 2960 2900 32 
TABLE 3 (conttd) 
PROPERTIES OF CONCRETE MIXTURES 
Beam C em: Sand: Gravel Water Slump Concrete Age 
by weight Cement in. Strength 
, 
f Days 12fu. 
Batch Batch Batch 
I II I II I II 
S-:26 1:3.9:5.4- .92 .91 2 1/2 1 1/2 2655 3130 34 
S-:'l7 1:3.9:5.4 .97 .97 2 6 3525 3350 36 
S-:28 1:4.0:505 .98 .95 41/2 5 2905 3470 28 
S":29 1:4.0:5.6 .85 .88 1 ,i/2 1 1/2 3660 3320 29 
S-30 1:4.0:5.5 .84 .B4 2 2 2795 3350 Z7 
S-31 1:4.1:5.6 .88 .87 1 1/2 1 1/2 2130 2440 .34 
S-32 1:4.1:5.5 ~88 .85 6 2 3440 3350 42 
S-33 1:301:5.2 .84- .82 0 3/4 3020 3400 8 
S-:34 112.8:4.6 .66 .66 1/2 1/2 4730 5800 9 
S-:35 1:3.2:5.1 .71 .77 2 i/2 3985 2890 9 
S~36 1:2.8:4.7 070 .68 1/2 1 4540 4620 9 
8-;37 1:306:506 .92 .88 6 1/2 2890 2.390 '7 
S-:38 1:2.2:3.8 .68 .66 2 2 4383 5310 7 
t 
I) 
95~ 
TABLE 4 
PROPERI'IFS OF GROUT MIXTURES 
*Ratio *Ratio *Ratio 
**Compres si ve Age 
Sand Water Alum. Powder Strength at 
Cement Cement Cement , Test, f 
c 
Mark (gt/100 1b ~ ) (psi) (days) 
S-1 1.00 .44- 601 2970 2 
5-2 1.00 .50 6.0 2000 2 
5-3 1.00 .50 6.0 2050 2 
S-4. 1.00 .50 6.0 1700 3 
5-5 1.00 .41 6.1 1780 2 
S-6 1.00 .44- 6.0 2820 2 
S-7 1.00 .42 15.4 1630 2 
S-8 1.00 .41 6.1 2380 3 
8-9 1.00 .41 6.1 1650 2 
8-10 1.00 .42 6.0 2093 2 
8-11 1.00 .45 6.0 1380 2 
8-12 1.00 .42 6.0 2540 .3 
8-13 1.00 .42 6.2 3450 2 
8-14 1.00 .4l 6.2 3220 2 
8-15 1.00 .39 6.0 3520 .3 
8-16 1.00 .43 6.0 4310 2 
5-17 1.00 .49 6.0 4860 .3 
3-18 1.00 .49 6.0 5110 3 
8-19 1.00 .49 6.0 4575 .3 
8-20 1.00 .51 6.0 3540 2 
8-21 1.00 .45 6.0 4540 2 
8-22 1.00 .51 6.0 4050 2 
8-23 1.00 .49 6.2 4060 .3 
S-24 1.00 .51 6.0 .3100 .3 
8-25 1.04 .35 6.2 3905 3 
8-26 1.00 .47 6.2 2480 3 
S-Z7 1.00 .52 6.0 '5780 3 
8-28 1.00 .52 6.0 3780 3 
8-29 1.00 .53 6.0 2720 2 
8-30 1.00 .53 6.0 2720 2 
3-31 0.94 .56 3.6 2900 3 
8-,32 1.00 .57 6.0 3500 2 
* Ratio by weight 
** Strength from tests on 2 by 4 in. cylinders. 
TABLE 5 
COMPUTED AND OBSEUVED CRACKING ~ 
Marl~ Area Effectlve Effective Moduluis Stres s Due to Cracking load p 
-obs of Steel Prestrf9SS Prestress of D .Let + Prestress P or 
Force Ruptur~9 cr P Computed Observed =comp 
fb 
cr 
As fse F f r FD 
(in.2) (psi) (1b) (psi) (psi) (lb) (lb) 
U~ 
S-l .1758 10000 1760 64.1 
-9 5200 3700 .,,71 
8-2 .1758 50000 ?fl90 670 -297 7740 6000 ~78 
8-3 .1758 24000 4220 682 114 6370 5600 088 
S-4 .4395 1160010 50980 672 -f534 17650 14780 084 
8-5 .4395 1034010 45440 773 
-fi62 17880 16000 090 8-6 .4395 noooo 48.340 835 - 523 18860 17360 ",92 
8-7 .4395 104.300 45840 580 -1523 16820 ·15300 4)91 
S-8 .3809 5000 1900 722 -1 5780 3220 056 
S-9 .3809 56800 21640 671 -647 10540 9350 oS9 
8-10 .3809 72000 27430 748 -839 12700 11300 089 
S-11 .1758 36100 6350 412 -175 4700 4500 Q96 
S-12 .3809 30400 11580 660 -318 7820 5600 0'12 
9-13 .3809 140000 53330 606 -16?fl 18340 17750 097 
8-14 .3516 131400 46200 596 -1452 16380 15000 c.92 
S-15 .1758 88000 15470 538 -46.3 8010 6710 0811-
S-16 81758 89400 15720 500 -438 7500 7000 093 
8-17 .3516 136000 47820 542 -1722 18110 16000 og8 
S-18 .2344 59000 13830 575 -404 7830 6320 ,,81 
3-19 .1758 60000 10550 521 -299 6560 5320 of31 
S-2:0 .1758 61200 10760 566 -311 7020 5660 ()81 
5-21 .4395 116000 50980 704 -1624- 12420 13000 lo05 
8-2:2 .. 4665 59100 27570 642 -826 7830 6800 087 
S-23 .3732 124500 46460 596 -1400 10640 11000 1,,03 '-f) 0' 
8-24 ~4665 116000 54+10 460 -170/1 12040 12000 1000 Q 
T~~LE 5 (cont1d) 
COMPUTED ANI> OBSERVED CRACKING !.DADS 
Mark Area Effective Effective J.fodulus Stress Due to Craeld.ng Load p 
.-<>bs· 
of Steel Prestress Prestress of D .L. + Prestress P cr 
Force Hupture or P -comp 
As fse F f r,b 
Computed Obsel~ed cr 
r FD 
2 (in •. ) (psi) (lb) (pst ) (psi) (lb) (lb) 
8-25 .2488 114000 28360 5~ -919 7630 7000 .92 
9-26 .2177 58900 12820 519 -430 5060 4400 e87 
S-27 .1555 ~1100 9800 485 -268 4020 3800 .95 
S-28 .1465 58900 8630 451 -260 5690 5220 .92 
S-29 .3110 117000 36390 434 -1244 20140 17600 or.:-? 
8-30 .2488 118000 29360 377 -990 16400 15000 .,91 
8-31 .Zl99 117900 .33000 366 -1098 17660 15500 <iSS 
S;"32 .2J.77 117000 25470 509 ·-826 16020 13000 081 
8-33 .3110 108.300 33680 342 -1057 11190 121+20 1011 
8-34 .3110 114000 35450 514 -1125 13110 12400 .95 
8-35 .2488 101100 25150 471 -1196 12220 11500 .,94 
S-36 .. 3732 88800 33140 466 -i677 15640 16500 1 .. 05 
8-37 .1866 115500 21560 .342 -1051 l~O 10000 098 
S-38 .1866 113700 21210 463 -1033 10C1l0 10860 0199 
Ave .• := .895 
Std. Dev. = .10 
':S 
• 
TABLE 6 
COMPUTED AND. OBSERVED DEFLECTION AT OBSEE'"JEI) CRACKn~G LOAD 
Deflection at Observed Obs. Defl o 
Mark Observed Cracking wad Cracking Load Compo Defl o 
Computed Observed 
(Ib) (in.) (ine) 
5-1 3700 .029 .016 0.55 
5-2 6000 .045 .059 1.31 
5-3 5600 .040 .092 2e30 
S-4 14780 .114 orJ79 0.69 
5-5 16000 .089 .154 1.73 
S-6 17360 .084- .142 1&69 
5-7 15300 .117 .147 1.26 
5-8 '"I"' .... " ,;)~~U ~'O .U.J..U .040 
') "" I'-.I'-N 
5-9 9350 .060 .080 1cr33 
5-10 11300 .066 .040 0.61 
5-11 4500 .038 .065 1.71 
5-12 5600 .037 .055 1.49 
5-13 17750 .lll .159 1.43 
5-14 15000 .101 .130 1.29 
5-15 6710 .052 .066 1.27 
5-16 7000 .054 .083 1.54 
5-17 16000 .123 .164- 1.33 
5-18 6320 .046 .rJ72 1.56 
S-19 5320 .040 .061 1.52 
5-20 5660 .037 .rJ74 2.00 
5-21 13000 .086 .109 1.27 
S-22 6800 .047 0048 1.02 
5-23 11000 .089 .093 1 cr. 04 
S-24 12000 .118 0150 1.27 
5-25 7000 .067 .069 1.03 
5-26 4400 .043 .050 1.16 
5-'Z7 3800 .034 .040 1.18 
8-28 5220 .041 .083 2.02 
5-29 17600 .056 .040 0.72 
5-30 15000 .051 .035 0.69 
8-31 15500 .059 .056 0.95 
5-32 13000 .042 .037 0.88 
5-33 12420 .098 6151 1.54 
5-,34 12400 eCf76 .125 1.64-
3-35 11500 ;'096 .156 1.62 
5-36 16500 .127 .197 1.55 
5-37 10000 .094 .151 1.60 
5-38 10860 .076 .145 1091 
Ave. = 1.37 
TABLE 7 
D1PIRICAL TERMS ~k3' K~, AND ku 
,--
Mark Concrete . wrigi tlldjnal - E Ej~fective Depth to k -mooso 
Strength Steel . sP Pl~estress ~~ KEu Neutral Axis u ~k3r~ k -comp. H k f P fse xlO5 u u c. Measured Computed (psi) 
'l' (psi) ,--
S-1 3620 0.00320 21.4 10,000 1.190 56 0.109 0.096 10133 
8-2* 3660 .00316 21.4 50,000 0.750 216 .245 .126 
S-3 4290 .00312 18.3 :?4,000 1.237 47 .094 .101 0.933 
8-4** 3085 .00916 69.6 116,000 
3-5 6260 .OOSS3 40.3 103,400 0.995 66 .241 .252 00956 
S-6 7990 .00893 36.1 110,000 0.899 103 .244- .236 10034 
S-7 3550 .00868 58.7 104,300 1.190 79 .329 .327 1 .. 006 
S-S 6120 .00758 35.0 5,000 1.165 43 .113 .117 0.966 
S-9 4760 .00774 42.1 56,800 1.399 51 .162 .199 0~814 
S-10 5790 .0rJ774 36.8 72,000 1.rJ72 78 .204 .203 1.005 
8-11 2580 .00333 29.3 36,100 1.239 51 .138 .141 00979 
S-12 4760 .Orfl74 42.0 30,400 1.158 71 .180 .166 1 .. 084 
S-13 * 4840 .0Cf774 41.3 140 000 0.739 391 .462 .281 , 
S-14 4660 .00715 39.4 1~31,400 1.101 99 .276 .2~ 00962 
S-15 2890 .00351 2~~.2 88,000 1$407 81 .169 .184 00919 
8-16 3530 .00364 21~.8 89,400 1.311 94 .160 .166 00964 
S-17 * 3350 .00665 48.4 136,000 0.789 247 .500 .309 
S-18 4150 .00470 28.3 59,000 1.136 36 .132 .161 00820 
S-19 3850 .00350 22.2 60,000 1.040 74 .158 .140 10129 
8-20 5350 .00347 17.4 61,200 1.301 40 .091 .116 00784 
S-21* 6220 .00889 39.3 116,000 0.909 206 .332 .263 
S-22 5630 .00958 46.4 59,100 1.272 46 .172 .215 00800 
8-23 4360 .orfl76 44.9 1:24,500 1.016 152 .342 .278 1 .. 230 
S-24 2900 .00924 74.1 116,000 1.145 89 .444 .415 1 0 070 \.0 \.0 S-25 2900 .00491 39.4 114,000 1.216 147 .282 .244 10156 . 
ltl[ark 
S-26 
S-Z7 
8-28 
.8-29 
~30 
~l-31 
S-32 
8-.3.3 
S-34 
S-35 
~~36 
S-37 
~~-.3S 
B-4 
B-5 
B-6 
Concrete wngitudinal 
Strength Steel 
I 
fc p 
(psi) 
3130 .00405 
3350 .OO3f17 
3470 .OOz/7 
3320 .00600 
3350 .00488 
2440 .00554 
.3350 .004.35 
3400 .00603 
5800 .00600 
2890 .00422 
4620 .O()611 
2.390 .00,316 
5310 .00,321 
3440 .00413 
5650 .00432 
2950 .00675 
TABtE 7 (conttd) 
PHPIRICAL TEmS ~~, K«u, ANDI ku 
Esp Ef'fecti,re 
Prestreel8 ~k3 Itc • k1k3fc u 
tee xlO5 
Q' (psi) 
30.4 5S,9oo 1.260' 109 
21.S 61,100 1.762 315 
19.1 58,900 1.41..7 '1'9 
4.3.5 117,000 0.9S2 1'1'4 
34.S ns,ooo 1.1S;5 1.31 
51.6 117,900 1.lA~ 1310 
30.9 117,000 1.35;4 1e).3 
42.3 lOS, 300 1~1l4 120 
28.6 114,000 0.8311 115 
.33.8 101,100 
- --33.8 88,800 
29.8 115,500 
16.2 113,700 0.98S ~IJ. 
213.7 113,800 1.3~;7 r,r6 
20.8 114,100 1.1'1'8 1ef! 
53.1 115,200 1.4'1'2 JJLO 
.. S-2, S-13, 8--17, and S-21 failed in fl.~e. 
Depth to k ..:meas. 
Neutral AxLs u k -comp. 
ku u 
Measured Computed 
.189 .166 1.139 
.089 .135 0.659 
.114 .125 0.912 
• .359 .271 1.325 
.251 .226 1.111 
• .356 .3m 1.160 
.199 .209 0.952 
.291 .254 1.146 
.246 .199 1.236 
.116 
.222 .196 1.1,33 
.149 .151 0.987 
• .361 .312 1.157 
Ave. = 1.021 
Std. dev. = 0.15 
** 
BeCause of mE~chanica1 difficulties enc()'lIDtered during grouting procedure, Beam S-4 
had no grout aromd the reinforcement :In the center 3 ft. of the beam.; cons~uently, 
the beam failed in compression. 
t-J 
0 
0 
• 
TABLE 8 
MEASURED AND COMPUTED ULTIMATE CAPACITY 
Mark Concrete longi- Ep Effective Measured Ultimate 
Mult Mult-meas. Strength tudinal II Prestress Depth to aid wad kJ.k.3t~ , Steel Neutral ~k f' M2 Mult-comp. :r fee Pult c Q' Axls .3 c P k 
(psi) (psi) 
u 
(lb) MeASured Computed 
8-1 3620 .00320 21.4 10000 .109 3.9 12475 .m .092 1.CJ76 
S-2* 3660 .00316 21.4 50000 .245 3.9 17370 .123 
8-3 4290 .00312 18.3 24000 .094 3.8 14040 .rR4 .rR7 00969 
S-4** 3085 .00916 69.6 116000 4.5 21500 .256 
8-5 6260 .00883 40.3 103400 .241 4.3 31030 .206 0225 0.916 
8-6 7990 .00893 36.1 110000 .244- 4.4 32990 .198 .212 0.934 
8-7 3550 .00868 58.7 104.300 .329 4.3 28040 .266 .281 00947 
8-8 6120 .0CJ758 35.0 5000 .113 4.4 17513 .118 .111 1.063 
8-9 4760 .OCfl74 42.1 56800 .162 4.4 22930 .185 .182 10017 
8-10 5790 .00774 36.8 72000 .204 4.4 26390 .187 .186 1.005 
S-11 2580 .00333 29.3 36100 .138 4.1 10700 .122 .131 0!t931 
S~2 4760 .0C1l74 42.0 30400 .180 4.4 20900 .172 .155 1.110 
8-13* 4840 eOCJ774 41.3 140000 .462 4.4 29950 .239 
S-14 4660 .00715 39.4 131400 .Z76 4.4 27930 .233 .252 00925 
S-15 2890 .00351 28.2 88000 .169 4.3 14700 .169 .169 10000 
S-16 3530 .00364 24.8 89400 .160 4.5 14910 ct156 .155 10006 
S'-17 * 3350 .00665 48.4 136000 .500 4.1 Zlooo .246 
S-18 4150 .00470 28.3 59000 .132 4.3 13750 .120 .151 00795 
S-19 3850 .00350 22.2 60000 .158 4 • .3 13855 .125 .132 00947 
8-20 5350 .00347 17.4 61200 .091 4.3 14470 .102 .110 00971 
S-21* 6220 .00889 39.3 116000 .332 6.6 24300 0248 
S-22 5630 .00958 46.4 59100 .172 6.7 17150 .189 .196 00964 
8-23 4360 .00776 44.9 124500 .342 6.7 18620 e251 .246 1&020 I-' S-24 2900 .00924 74.1 116000 .444 6.4 18790 .320 .342 Oe936 0 
8-25 2900 .00491 39.4 114000 .282 6.4 13850 .234 .218 lo(J73 I-' 0 
TABLE 8 (cont'd) 
MEASURED AND COMPUTED ULTIMATE CAPACITY 
Mrurk Concrete. Longi- Ep Effective Measured Ultimate Mult Mult-mea.s. Strength tudinal s Prestress Depth to aid Load 
• Steel ~k3fJ Neutral ~k f'bd2 Mult-comp • f'c f Axis Fult 3 c p Ql se k 
(12si) (12si} u (lb) Measured Com1?B:ted 
S-:26 3130 .00405 30.4 58900 .189 6.0 10860 .153 .155 0.987 
S-:ZJ 3350 .00307 21 0 8 61100 .0$9 6.4 8000 0119 .127 0.937 
S...,:28 3470 000277 19.1 58900 .114 4.1 14040 0125 0118 1.059 
S-:29 3320 .00608 43.5 117000 .359 2~8 36250 .238 .240 0.992 
S-.30 3350 .00488 34.8 118000 .251 2.8 31980 .210 .204 10029 
S-.31 2440 000554 51.6 117900 .356 2.8 29870 .262 .267 00981 
S-32 3350 .00435 30.9 117000 .199 2.9 28950 .197 .191 1.031 
8 .... 33 3400 .00603 42.3 108300 0291 4.2 24160 .229 .226 10013 
3-.34 5800 .00600 28.6 114000 .246 4.2 26550 .172 .182 0.945 
8-.35 2~890 .00422 33.8 101100 3.8 12850 
S-.36 4.620 .00611 33.8 88800 3.7 17990 
S-.37 2390 .00316 29.8 115500 3.7 12100 
S-.38 ,f310 000321 16.2 113700 0116 3.7 18090 .099 
B-l~ .3440 .00413 28.7 113800 .222 3.9 21520 .174 .180 0.966 
B-5 5650 .00432 20.8 114100 .149 3.9 26880 .149 .143 10041 
B ... 6 ~~950 .00675 5301 115200 0361 4.4 24610 0291 .271 1.073 
Ave. = 0.988 
Std. Dev. = 0.063 
* 8-2, S-13, S-17 and :3-21 failed in flexure. 
** Because of' mechanical difficul ties encountered during grouting procedure, Beam S-4 had no grout 
a.round the reinforcement in the center 3 ft. of the beam; conl:tequently, the beam failed in com-
pressi.on. 
f-I 
0 
'" 
It 
T.ABLE 9 
NOMINAL SHEAR STJRFSSFS AND PRINCIPAL TENSION STRESSES 
Mark Concrete Longitudinal Ultimate Nominal Ultimate Maximum Principal 
Strength Steel aid Shear Shear Stress L Tensile Stress at St 
f' Vult Vult 
f' Design wad F p c St c V ::: bjd c 
(psi) ~_~_.--11b ) (psi) (psi) 
S-l 3620 0.00320 3~9, 6237 122 0.034 
8-2 3660 .00316 3.9 8685 167 .046 
S-3 4290 .00312 3.8 7020 133 .031 ~ 
S-4 3085 .00916 4.5 10rt50 251 .081 20 o.orn 
S-5 6260 .00883 4.3 15515 344- .055 20 .003 
S-6 7990 .00893 404 16495 367 .046 21 .003 
8-7 3550 .00868 4.3 14.020 309 .087 22 0006 
S-8 6120 .orn58 4.4 8,756 191 .031 
8-9 4760 .0r1774 4.4 11465 257 .054 
S-10 5790 .00774 4.4 13195 295 .051 
8-11 2580 000333 4.1 5350 112 .043 
S-12 4760 .00774 4.4 10450 235 .049 
S-13 4840 .00774 4.4 U975 336 .069 23 .005 
8-14 4660 .00715 4.4 130965 ,312 .067 19 0004 
S-15 2890 .00351 4.3 7.350 159 .055 
S-16 3530 .00364 4.5 7'455 166 .047 
S-17 3350 .00665 4.1 13:500 282 .084 26 .008 
8-18 4150 .00470 4.3 6875 150 .036 
S-19 3850 .00350 4.3 6977 149 .039 
S-20 5350 .00347 4C13 ,7'235 152 .028 
8-21 6220 .00889 6.6 12150 271 .044 15 .002 
8-22 5630 .00958 6.7 8575 195 .035 
S-23 4360 .00776 6.7 9310 214 .049 13 .,003 
5-24 2900 .00924 6.4 9395 209 .ort2 17 0006 J-I 
S-25 2900.· .00491 6.,4 . 69g5 150 .052 9 0003 0 \J..) 
.. 
TABLE 9 (cont1d) 
NOMINAL SHEAR STRESSES AND PRINCIPAL TENSION STRESSES 
Mark Concrete longitudinal Ultimate Nominal Ultimate Maximum Principal 
Strength Steel' aid Shear Shear Stress v Tensile Stress at St 
Vult F Design load fl p Vult c F c v = bjd St c 
'2si ) (lbl (J2si 1 (Esi) 
S-26 3130 .00405 6.0 5430 110 .035 
S-2r7 3350 .003f17 6.4 4000 85 .025 
S-28 3470 .00277 4.1 7020 141 .041 
8-29 3320 .00608 2.8 18125 390 .117 39 .011 
S-30 3350 .00488 20 8 15990 342 .102 31 .009 
S-31 2440 .00554 2.8 14935 325 .133 34 0014 
3-32 3350 .004~35 2.9 JM.75 315 .094 25 .om 
S-33 3400 .00603 4.2 12080 258 .076 16 .005 
S-34 5800 .00600 4.2 13275 278 ~048 17 .003 
3-35 2890 .00422 3.8 6425 ll9 .041 110 .038 
S-36 4620 .00611 3.7 8995 161 .035 161 .035 
8-37 2390 .00316 3.7 6050 111 .046 98 .041 
S-38 5310 .oP3:21 3.7 9045 166 .031 96 .018 
I-' 
~ 
• 
Mark 
221.1 
221.2 
222.1 
222.2 
2210.1 
2210.2 
ft 
e 
f' y 
p 
r 
a; 
Q' 
TABLE lOa 
TEST DATA FOR ORDINARY REmFORCED CONCRErE BEAMS 
Data From Tests At University of Illinois, Serles of 1922 (2) 
(Span = 9 rt; 'l'hird Point Loaded) 
£,1 
o 
(psi) 
4ff16 
3696 
4522 
4337 
3610 
3570 
r y p 
(psi) 
5:2400 0.02.33 
5:2400 .0233 
5:2400 .0233 
. 5:2400 .0233 
5:2400 .0093 
5:2400 .0093 
= Concrlete Strength 
= Yield stress of' steel 
r III 
(in.) 
.36 
36 
36 
36 
36 
36 
= Percentage of longitudinal steel 
= Ratio of web reinforcement 
= Shear span 
. E p 
= s 
"r kJ.k3f ,t; 
Q' 
142 
153 
131 
135 
62 
63 
k 
u 
0.154 
.161 
.149 
.150 
.105 
.106 
. P
ult 
(lb) 
Mult 
~kf~bd2 
Measured 'Computed 
149400 0.155 0.144 
148000 .165 .150 
165500 .159 .140 
126000 .124 .141 
180300 .082 .100 
167200 .(f/7 .101 
r p 
k - ...E.-__ 
u 
- ~k3r~ 
P
ult = Total ultimate load 
Mult-meas. 
Mult-comp. 
1.(f/6 
10100 
10136 
0.?!l9 
0.820 
0.762 
~ 
o 
\Jl 
• 
TABLE lOb 
TEST DATA FOR ORDINARY REINFOIDED CONCRETE BEAMS 
Data From Tests by O. Moretto, 1945 (7) 
(Span = 8ft; Third Point Loaded; Compression SteEl1 Not Taken Into Account) 
Mark r t f r a Q' k Pttlt 
Mttlt 
Mult-meas o 0 y p u ~k r t bd2 3 0 Mult-comp. (psi) (psi) (in.) (lb) Measured 'Computed 
1-w.J/4 3460 55000 04)040 0.0028 32 277 0.262 116600 0~235:.: 0.233 10009 
2-Vi/4 4805 55000 0040 .0028 32 216 e237 135100 .212 0213 08995 
1-I1/4 3795 55000 0040 00028 32 257 (\)257 120950 $226 .229 0,,987 
2-I1/4 4700 55000 .040 .0028 32 219 .239 132000 ~2Cfl ()215 00963 
1-Dl/4 3475 5~·OOO .040 .0028 32 275 .263 118550 .238 9234 10017 
2-DJ/4 3455 55000 .040 .0028 32 277 .264 140550 (\)283 0235 10204 
1..,.V3!8 3115 479001 .040 .0062 32 300 • .323 146850 .32l .Z79 10151 
2-V3!8 4120 47900 .040 .0062 32 242 .294 143650 ,,253 ct258 0.981 
l-I3/8 3575 41'900 .040 .0062 32 269 • .309 159000 0311 ,,269 le156 
2-13/8 4185 4790() C)Q40 .0062 32 239 .293 168000 9292 .257 . ··1~1.36 
1...,D3!8 2855 47900 .040 .0062 32 324 .334 129750 .306 ~287 10066 
2-D3/8 3685 47900 .040 .0062 32 263 .306 143650 (lZ75 .267 10030 
1=Vl/2 3665 5CflOO .040 .0112 32 '264 .360 157000 .301 Q306 00984-
2-Vl/2 4815 5 ('flOO .040 .0112 32 215 .330 186400 .,292 ~284 1,,028 
10011/2 3090 5CflOO 0040 .0112 32 .303 .378 177750 .392 0.318 102.33 
2-11/2 4210 5CflOO .040 00112 32 238 .344 196200 .339 (J~4 10153 
I-DJj2 'ZIO; 5 ('fl 00 .040 80112 32 338 .394 155000 .,381 0329 1.158 
2-JJJ/2 3495 5Cf/00 .040 .0112 32 274 0364 175825 .351 .308 10140 
la-Vl/ 4 3540 46000 .0188 .0028 32 128 .185 106100 .210 .171 1.228 
f-J 
~ 
• 
Mark 
T-2 
T-3 
T-5 
T-6 
T-ll 
T-12 
TABLE 1eb 
TEST DATA FOR oimmARY REINFORCED qgNCREl'E By 
Data From Tests At Mass. !nst. of' Teclml01ogy, 1951 (12) 
(Span = 5 f't for all beams except T-2 which was 4 ft; Center Point waded; 
Fqual tension, and compression steel; compression s1~ee1 not taken into account) 
fl f r QI k P
ult 
Mult 
p a ~k f t bd2 c y u 
.3 c 
(psi) (psi) (in.) (lb) Measured ~Compu.ted 
---
3~580 0.0140 24 95 0.126 10000 0.138 0.119 
3470 .0314 30 217 .188 8670 .152 .173 
3460 .0218 30 151 .15f~ 9870 .174 .148 
3130 .0140 30 104 .13:2 8000 .152 .125 
4190 .0140 30 S4 .120 12000 .117 .114 
4f~80 .0218 .30 117 .141 15000 .142 .1.33 
Mult-meas. 
Mult-comp • 
1.160 
O.ert9 
1.176 
1.216 
1.026 
1.068 
f-I 
~ 
.. 
TABLE lOd 
TEST DATA FOR ORDmARY' REINFORCED CONCRETE BEAMS 
Data From Tests ~. A. P. Clark, 1951 (13) 
(Span varJ.E~,d from 8-10rt; loaded Yd th t,wo symmetrically placed Qoncentrated k>ads) 
Mark £1 r p r a Q1 k PuJ.t 
MuJ.t 
MuJ. t -meas • c y u ~k f 1bd2 3 c Mult-comp. (psi) (psi) (in.) (lb) Measured Computed 
AO .... 1 3120 53700 0.0098 36 ',74 0.113 40000 0.095 0010S o.SSo 
AO-2 3770 53700 0009S 36 63 .106 48500 .• 099 .101 00980 
BO-l 3420 5,3700 .0098 30 68 0109 54400 .100 .104 00962 
BO-2 3468 53700 .0098 30 68 .108 42400 .(J77 .,103 0.748 
BD-3 3410 53700 .0098 30 68 .109 57600 .1CJ7 .104 10029 
CO-1 3580 53700 ~OO98 24 66 e108 78400 .112 .103 1.0S? 
aO-3 3420 53700 e0098 24 68 .109 75100 .111 0104 1.067 
DO-l 3750r 53700 00098 18 64 .,106 99600 0102 .101 1.010 
DQ-3 3765 53700 .0098 18 63 .106 100400 .103 0101 10020 
Al-l 3575 46500 $0310 -;0038 36 209 .230 100032 .214 .208 10029 
Al-2 3430 46500 00310 .0038 36 215 e232 94032 o2rf7 .209 0.990 
Al-3 3395 46500 .0310 $0038 36 218 8232 100032 .223 .209 1.067 
Al-4 3590 46500 00310 .0038 36 20S .232 110032 &234 &209 1.120 
Bl-l 33SS 46500 00310 .0037 ,0 218 .. 233 125370 &234 .210 10114 
Bl-2 3680 46500 .0310 00037 30 2G4 .236 115370 .201 .213 0.944 
Bl-3 3435 46500 .0310 .0037 30 215 .233 128061 .235 .210 1.119 
Bl-4 3380 46500 .0310 .0037 30 ~;I.8 .234 120561 .224 .211 10062 
B1 .... 5 3570 46500 .0310 .. 0037 30 209 .229 108561 .194 .2(J7 00937 
B2.,.,,1 3370 46500 .0310 (l0rf/3 30 218 .296 135370 .253 .259 0.0/17 
B2-2 3820 46500 .0310 00073 30 10/1 .287 144870 .245 .252 0.972 
B2-3 3615 46500 .0310 tJ0073 30 206 .293 150561 .266 .257 1.035 I-' 
Bb-1 6110 46500 .0310 .0037 30 143 ,210 170561 .208 .192 1e083 g 
0 
TABLE 10:1. ( cClnt I d) 
1121, DATE FOR QRDINARY REINP"ORGED CONCRETE BEAMS 
, Mult 
Mal:,k fo r p r a Q' k PUlt Mult-meas. y u ~k f t bd2 3 C Mul t-comp. (psi) (psi) (in.) (lb) Measured Computed 
01=1 3720 46500 .0207 .0034 24 135 .200 124870 .172 .183 0.,940 
Cl,,~2 3820 46500 .0207 .0034 24 132 .198 139870 .la9 .182 1.0,38 
Cl" .. 3 3475 46500 .02rJ7 .0034 24 142 .204 110561 .161 .,186 0.866 
C1,,-4 4210 46500 .0207 00034 24- 123 .191 128561 .162 (1176 0.920 
C,3" .. l 2040 46500 .0207 00034 24- 223 .251 100561 ()229 .,225 1.018 
03" .. 2 2000 46500 ()O207 cp0034 24 226 .250 90061 ,,208 0224 00929 
C3"",3 2020 46500 .0207 .0034 24 224 &248 84561 .194 0222 0~874 
C4·~1 3550 46500 ~O310 .0034 24 210 .24.3 139061 .200 ~218 00917 
C6=.2 6560 46500 .0310 00034 24 137 .203 190561 0179 0186 0.962 
C6 ... ,3 6480 46500 .0310 ~0034 24 139 111203 195561 .185 .186 00995 
06.-4 6900 46500 .0310 00034 24 134 .200 19Z717 0176 .18.3 0.962 
Dlc..t> 4010 46500 .0342 &0046 24 210 41259 78561 ~210 '.231 0.,909 
DIe ... ? 4060 46500 ctO,342 .0046 24 208 0261 80561 .214 02,32 0,,922 
Dl"..s 4030 46500 ce0342 .0046 24 210 0261 83561 0223 .2.32 0.961 
E1·...2 4375 46500 .0342 .OCfl3 25 197 ,,284- 99717 Q261 0250 1,,044 
D2a.,6 4280 46500 .0342 .0061 30 201 ~Z74 75717 «)242 ,,242 10000 
D2-7 4120 46500 .0342 .0061 30 206 .'Zl7 7rfl17 13232 ,,245 00947 
D2.,.,8 .3790 46500 .0.342 .0061 .30 220 <')282 75717 .266 ct249 141068 
D4c--l 3970 46500 .0342 ,0049 .30 213 .2f!r1 757TI .257 .253 1,,01~ 
D4 . .,2 .3720 46500 .0.342 00049 .30 223 .294 70717· 1/)251 .259 06)969 
D5-1 4020 46500 .0.342 .0037 30 210 .247 65717 .220 .221 0.996 
D5· ... 2 4210 46500 .0342 .0037 30 20.3 .244 7rfl17 .229 .219 1Q)046 
D5 coa3 .3930 46500 .0342 .0037 3D 214 .248 7rfl17 .241 ,,222 10086 
f-J 
~ 
e 
Mark 
8-2 
S-3 
S-4 
S-5 
S-ll 
8-13 
r R 
c 
(psi) 
3900 
4689 
4470 
4331 
2140 
3800r 
r 
Y 
(psi) 
4.5000 
4.5000 
4.5000 
45000 
4.7500 
44100 
TABLE IDe 
TEST DATA FOR ORDINARY REINFORCED, CONCRETE BEAMS 
Data. From Tests By A. Laupa, 1952 (21) 
(Span = 9ft. waded through a column stub at midspan) 
QI k "P
ult 
Mult 
Mult-meas. p r a ~k f 1bd2 u 3 c Mult-comp. 
(in. ) (lb) Measured 'Computed 
.0208 48 131 ~148 19092 .U3 .139 1.029 
.0252 48 139 .152 23882 e160 .U2 1.127 
.0321 48 183 e176 24992 .177 .163 1.086 
.0411 
----
48 238 .198 22390 .163 0182 0'0896 
.0190 48 198 .182 15200 .191 .168 1.137 
.0411 48 264 .2(J7 22390 .180 .• 189 0.952 
*Ave. = 1.021 
Standard Deviation = 0.10 
* Average of all beams in Table 10. 
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FIG.la DIMENSIONS AND LOADING ARRANGEMENT FOR RECTANGULAIR BEAMS 
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FIG.lb. DIMENSIONS AND LOADIING ARRANGEMENT FOR I-BEAMS 
f--J 
f--J 
I\) 
113. 
Rectangular Beam 
I-Beam 
FIG.2. VIEWS OF BEAMS BEFORE TESTING 
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FIG.4. VIEW OF GROUT CHANNEL 
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FIG. 5(]. STRESS-STRAIN RELATIONSHIP FOR TYPE I STEEL 
~ 
I 
I 
-
a 
t--J 
t--J 
0\ 
.-
en 
.:ti 
en 
en 
cu 
... 
.... 
(/) 
~ 
c: 
:::J 
250 
~ + I I 1 ~ f~~ 248,000 psi 
----
-----
200 
10.2 % offset stress = 218,000 psi 
'I 
150 VI 
J r 
100 I II Es= 30,000,000 psi 0.199 jn. dia. It 8 - in. Gage Length 
50 II 
II 
• 
I I 
~--------
-------- ----00 2 3 4 6 5 7 
Unit Strain - percent 
FIG. 5b. STRESS-STRAIN RELATIONSHIP FOR TYPE II STEEL 
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Round Nut Hexagonal Nut 
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FIG.6. VIEW OF NUTS, SHIMS, AND DYNAMOMETER 
FIG. 7. VIEW OF PRES TR ESSING APPAR AT US 
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FIG.8. DETAILS OF REINFORCEMENT ANCHORAGE 
AT DYNAMOMETER END OF BEAM 
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120. 
I FIG.9. VIEW OF DYNAMOMETER END OF BEAM 
FIG.IO. VIEW OF PRESTRESSING FRAME 
121. 
FIG. II. VIEW OF GROUTING EQUIPMENT 
FIG.12. VIEW OF TESTI NG APPAR ATU S 
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Typical Flexure Failure- Beam Loaded at Third Points 
Typical Shear Failure - Beam Loaded at Midspan 
Typical Shear F ailur e - Beam Loaded at Thir d Poi·nts 
FIG.14. VIEWS OF BEAMS AFTER TESTING 
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FIG.15. SHEAR AND MOMENT DIAGRAMS 
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FIG.16. PROPERTIES OF COMPRESSIVE STRESS BLOCK 
AT ULTIMATE LOAD 
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126. 
a. Flexure Failure 
b. Balanced Flexure and Shear Failure 
c. Shear Failure 
FIG .. 17. CRAC-KS IN BEAM AT ULTIMATE LOAD 
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